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A B S T R A C T
C yclic heterosiloxanes |R B (0S iR * 2) 0 ]2 ar|d R B |(0S iR * 2)20 | ;  = M e or Ph)
containing eight- and six-m em bered rings with 1:1 and 2 :1  silicon to boron ratios 
respectively , which w ere prepared via the reaction o f RB (O H )2 (R = M e o r Ph) with 
d iphenylsilandiol o r l,l,3 ,3 -te trapheny l( or tetram ethyl)-l,3-dihydroxy-1,3-disiloxane, 
have been characterised  by infrared, 1H, 13C and 29Si NM R spectroscopies and by mass 
spectrom etry. On therm olysis o f  the phenyl analogues, ring-opening polym erization and 
ring-ring transform ations occur below 220°C for these strained ring com pounds yielding 
volatile (PhB O )3 together with polymeric borasiloxanes which provide novel silicon 
carbide precursors. H eat treatm ent to 1400°C yields an am orphous glassy phase containing 
carbon, boron, silicon and oxygen. Upon further heating to 1700°C m icrocrystalline 
silicon carbide (SiC) is form ed together with a few large crystals o f boron carb ide (B4C). 
The identities o f the interm ediate and final residues o f the pyrolysis process have been 
determ ined using x-ray diffraction and scanning electron m icroscopy with energy 
dispersive x-ray analysis for qualitative m easurem ent, and an electron probe analyser for 
quantitative m easurem ents.
L inear borosiloxanes R B (O SiPhnH3.n)2; (R = Ph, or M e n = 2or 3) and B (O SiPh3)3 
were prepared by the reaction o f B(O M e)3 or PhB (O H )2 with triphenylsilanol or 
diphenylchlorosilane, and their therm olvtic behaviour exam ined. O nly com pounds with 
Si-H residues are able to cross-link easily on therm olysis and form  polym eric 
borasiloxanes. The o ther non-strained linear com pounds volatilise com pletely  below 
500°C. T he cyclic heterosilazane M e2Si(N HBPh)2NH, containing a six-m em bered ring, 
was prepared via the reaction o f 2 ,2 ,4 ,4 ,6 ,6-hexam ethylcyclotrisilazane with 
dichlorophenylborane. U nlike the cyclic heterosiloxanes above, this com pound does not 
decom pose on heating but totally volatilises below 3()()°C.
The hexacyclohexyl-hexasiloxane, c-C y6Si6C>9 , and the
hep tacyclohexyl-heptasiloxane-l,6 ,7-trio l, [(c-C<,H]])7Si7C>9(O H )3], were prepared by 
controlled hydrolysis o f cyclohexyltrichlorosilane. The triol was used to synthesise a
(xii)
boron containing silsesquioxane, [(c-C fcH ^^Si-yO ^B ^, by reaction with BI3. Therm olysis 
o f  c-C y6Si60 9 up to 1700°C under an inert atm osphere form s crystalline silica, whereas 
under sim ilar conditions (Ph2SiO )n (where n = 3 or 4) volatilises.
For com parative purposes a phenylm ethylsilane-dim ethylsilane copolym er was 
therm olysed under sim ilar conditions in order to prepare silicon carbide from  an oxygen 
free polym eric source.
C om pound 3, Ph2(H O )SiO Si(Ph2)O Si(O H )Ph2, com pound 6 , c-C y6Si60 9,
com pound 16, PhB (Ph3SiO )2 and com pound 19 M e2Si(PhBN H )2NH, were all 
characterised  for the first tim e by single crystal x-ray diffraction studies, and their main 
structural features were d iscussed in relation to their chem ical reactivity.
(xiii)
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C H A P T E R  O N E
INTRODUCTION TO SILOXANES
1.1 SU M M A R Y
Poly(organosiloxanes) as a generic type are in term ediate in com position between 
the purely inorganic silicates, and organic polym ers with a m ainly carbon-backbone, and 
they com prise the only class o f sem i-inorganic polym er to date which has achieved great 
com m ercial im portance. Their properties, which reflect their hybrid com position in many 
respects are review ed in this chapter. In 1943 the first com m ercial products based on 
linear poly(dim ethylsiloxanes), (M e2SiO)n, were developed by hydrolysis o f 
d ichlorodim ethylsilane, subsequently specific properties were optim ized by controlled 
cross-linking or by replacing some or all o f the m ethyl groups on the silicon atom s by 
other substituents. The unique properties possessed by these m aterials are highly 
dependent upon the bonding properties and characteristics o f the backbone o f the polym er, 
as well as the nature o f the substituents. A nother class o f silanes which has attracted 
considerable recent attention include polycyclic and cage siloxanes, the silsesquioxanes, 
based on the ( R S iC ^ )  repeated unit.
1.2 G E N E R A L  C O N SID ER A T IO N
Silicon, a second row elem ent o f group IV, has m any chem ical properties which 
differ significantly from  those o f carbon, and a direct com parison o f their respective 
atom ic and bonding properties o f relevance to this study is instructive1 (Tables 1.1 and 
1.2), and show in particu lar the exceptional strength o f the S i-0  and Si-F linkages. The 
first organosilicon com pounds were prepared in 1860 via the reaction o f diethylzinc with 
silicon tetrachloride by Friedel, Crafts and Ladenburg2. The availability o f the Grignard 
reaction in 1900 led to the synthesis o f a wide variety o f organochlorosilanes, from which 
siloxanes m ay be obtained by hydrolysis. Polym eric siloxanes were identified by 1937, 
and in 1940, several groups o f investigators focused their attention on various aspects o f 
the synthesis and characterization o f polysiloxanes. It was discovered that the therm al and
-1-
therm oxidative stability o f  these polym ers was far greater than that o f m ost o f  the 
com m on organic polym ers, and that their dielectric properties were suitable for high 
tem perature m aterials3. In 1943 the first com m ercial products based on 
poly(d im ethylsiloxanes) w ere developed. These rem ain the m ost com m on o f the industrial 
silicone polym ers, as the m olecular weight o f the m aterial is easily controlled  to produce 
oligom ers through to high m olecular weight m aterials. Specific properties can be 
optim ized by controlled  cross-linking, by replacing some or all o f  the m ethyl groups on 
the silicon atom s by other substituents or by introducing finely divided solids such as 
silica into the polym ers.
Polysiloxanes have in general high therm al and chem ical stabilities, and are 
resistan t to m oisture, sunlight, oxygen and ozone, with the nature o f the siloxane bonds 
being an im portan t factor. The basic structural characteristics o f polysiloxanes are also 
dependent on the Si-O  bond, which is partially ionic because o f the relatively large 
d ifference in the electronegativ ities o f silicon and oxygen, (1.8 and 3.5 respectively on the 
Pauling scale4). It m ay also exhibit very limited double bond character, associated with the 
overlap o f the vacant low energy silicon d-orbitals with the filled p-orbitals o f  oxygen, 
which enables oxygen  to backdonate its lone-pair electrons and create a partial d 7i-p 7t bond 
in addition to the norm al o  bond, but recent work has cast doubt on this concept5. The 
Si-O  bond lengths in siloxanes have been found to vary between 1.63 to 1.66 A in 
different com pounds6. These values are about 10% sm aller than the value o f  1.83 A, 
calculated for a norm al a  bond distance between the silicon and oxygen atom s7. Thus the 
siloxane linkage is a strong bond, as reflected in therm ochem ical data giving S i-O  bond 
energies in the range 420-490 kJ m o l'1. The O -Si-O  bond angles in siloxanes are norm ally 
betw een 108 and 120°, w hilst C -Si-C  angles between 106 and 118° are close to the 
values expected for the angles between essentially single Si(sp3)-C bonds. Values 
determ ined for the Si-O -Si angles range from 104 to alm ost 180°, with angles betw een 144 
and 150° being the m ost often reported8 as illustrated in (I) and are indicative o f the 
m inim um  energy  configuration5. This very wide range o f bond angles indicates that the
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Si-O-Si bond is readily deformed and in general^ rotation about the siloxane bond occurs 
relatively freely, as in the fragment of a dimethylsiloxane polymer9 shown in (II). These 
fundamental characteristics of the siloxane bonds are responsible for many of the 
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T a b l e  1.1 A tom ic  p ro p e r t i e s  o f  si l icon a n d  c a r b o n
A tom ic p ro p ertie s C arbon Silicon
elec tron ic  configu ration [He]2s2 2p2 [Ne]3s2 3 p 2
ato m ic  rad iu s 6 6  pm 106 pm
covalen t rad iu s 77 pm 117 pm
effective n u c lea r charge  
(C lem enti) 3.14 4.29
e lec tronegativ ity
(Pauling)
2.5 1 .8
T ab le  1.2 A verage bond energies and  ca lcu la ted  ionic c h a ra c te r  of selected









Ionic C h aracter^
Si-Si 226 C-Si 301 12
Si-C 302 12 C-C 348 .
Si-H 326 3 C-H 339 4
S i-0 485 51 C -0 355 22
Si-N 355 30 C-N 304 7
Si-F 582 70 C-F 484 43
Si-Cl 391 30 C-Cl 338 7
Si-Br 309 22 C-Br 284 3
Si-I 234 12 C-I 213 0
Si=Si 318 - C=C 610 -
a According to Pauling
In general terms, the name silicone is applied to an organosiloxane polymer having 
silicon atoms bound to each other through oxygen atom links, with the silicon valances not 
associated with oxygen being saturated by organic groups. It encompasses commercial 
products containing polymers of various lengths and degrees of cross-linking such as 
rubbers, resins, oils. The term siloxane is used in systematic terminology.
Their formal derivation from silicates by replacement of one or more oxygen 
atoms by R groups to form mono-, di-, tri- and tetrafunctional siloxane units is shown in 
Table 1.3. Indeed, attempts have been made recently to achieve the synthesis of siloxanes 
directly from mineral silicate materials by trimethyIsilylation as shown in the equations 
below10:
0~ M +
S i - 0
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+ 2qH20  (ii)
X = S iM e3
If the polyorganosiloxane product remains the same size as the silicate anion, that 
is the value of q remains unchanged. Then the technique allows the original silicate 
structure to be determined. The polyorganosiloxane products produced above have a 
general formula Q xM y (Q = S i0 4) and (M = Me3S i 0 1/2).
T ab le  1.3 S tru c tu ra l un its  o f po ly(organosiloxanes)
S tru c tu ra l F o rm u la F u n c tio n a lity  a n d  sym bol
R
R - S i - 0
I
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I
T e tra fu n c tio n a l (Q)
1
0
The sym bols M , D , T  and Q  (Table 1.3) have been used to good effect in 
representing clearly  the structures o f  com plex  polym er and cage siloxanes. By analogy 
with organic polym ers, siloxanes can be d istinguished according to their structural types.
(i) L inear polysiloxanes correspond to the structural type M DnM. Oligom eric 
polysiloxanes having defin ite low m olecular weights which can be isolated 
by crystallisation or d istillation m ay be prepared by insertion of 
difunctional units into a hexaorganodisiloxane (III) to give siloxanes of 
form ula (IV). The nature o f  the organic substituents R largely determines 
the physicochem ical behaviour o f linear poly(organosiloxanes) of 
com parable m olecular w eights, since only weak interm olecular forces act 
betw een siloxane chains which are protected by alkyl substituents. High 
m olecular w eight polym ers with small aliphatic groups e.g R = M e are 
fluids at room  tem perature, but even small oligom ers containing arom atic 
substituents are solids, e.g, hexaphenyldisiloxane m.p. 226°C. M odification 
o f linear polysiloxanes can be achieved by insertion o f silicon-functional 
and/or organofunctional atom s into the chain, or by variation o f one or both 
o f the organic substituents on silicon. There may be differences in the 
reactivity  betw een functional groups substituted in D or M units in a 
po lym er (III), and those o f the same groups present in m onom ers (IV). This 
can be attributed to the effect o f steric factors, m olecular coiling or 
substituent inductive effects, transm itted to a lim ited extent through 
neighbouring linkages. The average Si-C  bond is about 20%  longer than the 
C-C bond, which lowers the steric h indrance in the hydrolysis reactions of 
organosilicon com pounds. For exam ple, M e3Si- or r-Bu3Si- groups are not 
strongly sterically  hindering groups in this type o f  reactions, and both 
(M e3Si)4C and f-Bu3SiF are stable com pounds. H ow ever, steric effects are 
not com pletely  absent and can influence the reactivity o f silicon 
com pounds to some extent. Thus, for exam ple, the m ethylchlorosilanes are
very reactive, but substitution of  the methyl groups by larger alkyl or aryl 
groups generally decreases the reactivity. Similarly within a homologous 
series of  alkylsilanols, the stability of the Si-OH group increases with the 
size of the alkyl group, and oligomerisation may be entirely prevented.
(ii) The combination of  mono- and tri- or tetra-functional siloxane units leads to 
low molecular weight structures such as (V) and (VI). Branched-chain 
polysiloxanes which contain a minimum of one trifunctional T or 
tetrafunctional Q siloxane unit serve as centres of branching within chain or 
ring siloxanes (VII) and (VIII). Only relatively few examples are known1 of 
oligomeric organosiloxanes of this structural type, which permit branching 
effects on physicochemical behaviour to be studied.
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(iii) A large number of cyclic polysiloxanes have been isolated and characterised. 
The difunctional D units gives closed rings in combination with one 
another, and (R2SiO )n rings are of  great commercial importance as
rings with 3-15 siloxane units have been obtained by condensation of 
silandiols, and several cyclic siloxanes have been the subject of x-ray 
crystallography, with the smallest cyclic molecule being the highly strained 
dimer containing just two siloxane units12 (IX). Trifunctional siloxane units 
combining with one another give molecules cross-linked randomly in three 
dimension. Under certain conditions small cage like structures, with 4-12 
siloxane units which can be interpreted as being polvcyclic, have also been 
obtained13. Spirocylic systems have Q units at the point o f  linkage which 
distinguishes them from polycylic systems such as (X). The tetrahedral 
coordination of oxygen atoms around a silicon centre in a Q unit, results in 
the alternate ring planes being perpendicular to one another. A further 
sub-group of cyclic polymers built up of T  units oligomerise to form 
spherocycles and other polymers (XI)14.
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(iv) Cross-linked polymers consisting of 2- or 3-D networks o f  linear or cyclic 
molecules cross-linked by T  or Q units have also been characterised11. 
Besides combinations o f  two different units o f  siloxanes, it is also possible 
to use combinations o f  three or four different types to construct a particular 
molecular type. Generally, the D unit is used for chain and ring formation, 
the M unit as a chain stopper or regulator, and the T  or Q units as 
cross-linking centres.
1.2.1 Synthesis o f  Poly(organosiloxanes)
There are numerous methods available for synthesising poly(organosiloxanes) 
from monomeric silicon functional organosilanes11. By virtue of simplicity and economy, 
the most frequently used process involves hydrolysis but other methods use alcohols, 
alkoxysilanes and inorganic oxides as the source of oxygen for siloxane bond form ation1^ . 
T he  hydrolysis reaction leads initially to silanols, but in view of the instability o f  many 
silanols, condensation frequently take place spontaneously, with respect to siloxane bond 
formation and the elimination of water. The structural siloxane units M, D, T  and Q 
defined previously may be obtained from functionalised si lanes accordingly:
Silane Silanol intermediate Siloxane unit
R3S i X ------- ► R3S i(O H )--------------------- ► R3S i 0 1/2
R 2SiX2  ► R2Si(OH)2 ^  R2S i 0 2/2
RSiX3 -------► RSi(OH )3 --------------------- ► R S i0 3/2
SiX 4 -------- ► Si(O H )4  ► S i 0 4/2
Polysilanes as well as polysiloxanes can be synthesized from organochlorosilanes. 
Thus treatment o f  diorganodichlorosilane with sodium metal in a hydrocarbon diluent at 
tem peratures above 100°C, yields polysilanes as mixtures o f  cyclic and linear materials.
-10-
Either homopolym ers or copolymers can be made because the substituents R ]-R4 can be a 
wide variety o f  aryl and alkyl groups16.
R i R l R3
Na > 100°C I R ^ S i C l ,  Na > 100°C I I
R*R2SiCl2 ------------------ ► - ^ - S i - V  +  ► + ~ S i-^ r f -S i - ) -m
hydrocarbon < R3R4SiCI2 hydrocarbon R, r4
W hen mixtures of silanes having different functionalities are hydrolysed, the 
method and conditions used have significant effects on the resultant siloxane with respect 
to oligom er size and structure. The rate o f  hydrolysis of  SiX bonds (X=halogen) increases 
with polarity of the Si-X bond and with the number o f  X atoms or groups bonded to each 
silicon in the molecule. The rate is also affected by the size and type o f  organic groups 
present, since ease o f  nucleophilic attack by water molecules, and hence scission of the 
Si-X bond, is diminished with increasing steric hindrance. Thus, phenyl substituted 
chlorosilanes hydrolyse at a slow rate compared to their methylchlorosilane counterparts. 
Another consideration that may affect hydrolysis is the nature o f  the Si-C bond, which is 
relatively weakly polar, and more sensitive to acids formed during halosilanes hydrolysis 
than normal C-C bonds17,18.
W hen all these factors have been considered, a suitable method is chosen which 
m ust facilitate hydrolysis and condensation to a homo- or copolymer. If  different 
components o f  the siloxane mixture have very different rates o f  hydrolysis and/or 
self-condensation, then a copolym er will not be formed. Sequencing long chain siloxanes 
is often a major problem  but is o f  commercial importance.
The commercial hydrolysis reaction consists essentially o f  mixing one or more 
organohalosilanes (RnSiX4.n) with excess water and judging the dilution accordingly to 
prevent strong hydrochloric acid (<2 0 %) from being formed, although this accelerates the 
self-condensation o f  silanols. The exothermic reaction is usually cooled and organic 
solvents, typically toluene, diethyl ether and dibutyl ether, which are either immiscible or
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slightly miscible with water and yet show no reactivity toward the halosilane, are often 
used for dilution, product distribution and separation purposes, since the hydrolysis 
products are extracted by the solvent and are protected from attack by the strong aqueous 
acid generated. Dilution of  the siloxane phase will promote intramolecular over 
inter-molecular condensation, and when difunctional silanes such as 
dimethyldichlorosilane are used low molecular weight poly(cyclosiloxanes) are formed 
perferentially19. However, when dimethyldichlorosilane is hydrolysed in water alone, a 
mixture of  linear siloxanediols and cyclosiloxanes are produced, i.e.
R 2SiC b
H ?0







(R 2S iO )7 +H20
For reactions in which the number of moles of chlorosilane are greater than those 
o f  water, polysiloxanes with terminal chlorine atoms are formed. As well as hydrolytic 
methods of preparing polysiloxanes, other polymerisation procedures utilising thermal, 
acid and base catalysis, which convert low molecular weight polyorganosiloxanes into 
high molecular weight products are available. Thus low molecular weight cyclic 
diorganosiloxanes will rearrange to give high molecular weight polymers when heated to 
250-300°C in a closed system. Temperature limits are governed by the cleavage sensitivity 
o f  the Si-C bond and on the susceptibility of the organic groups to thermal decomposition. 
High temperatures and pressures increase the yield of high molecular weight products. If 
mixed systems such as poly(diorganocyclosiloxanes) and dimethyldichlorosilane are 
heated in a closed system, then polymerisation and ring opening can give the following 
types of  products.
M e r- Me Me
M e2SiCI2 + n(M e2SiO)3 ► C lS i -0 — S i - 0 ------ SiCI
M e |_ M e J  Me
3 n - l
Tw o organosiloxanes having different substituents and molecular weights can be 
copolymerised to form only a high m olecular weight polysiloxane having a guassion 
molecular weight distribution.
This process involves equilibration of the mixture o f  polysiloxanes so that 
cleavage and re-forming o f  siloxane bonds occurs, so bringing the system to a state o f  
m axim um  thermodynamic stability based essentially on entropy consideration. Acids and 
bases are frequently employed as catalysts to accelerate this process and to moderate the 
reaction conditions. W hen siloxane bonds are cleaved, the high energy intermediate 
com plexes so formed, spontaneously change to yield low energy polymers, and for every 
decrease in size o f  the larger siloxane molecules there is a simultaneous increase in the 
size o f  the smaller molecules. The initial step in an acid catalysed polymerisation reaction 
involves attachment of a proton to the oxygen atom of a siloxane bond to form an 
oxonium  complex. This intermediate is unstable and is susceptible to nucleophilic attack. 
O n decomposing through cleavage o f  the Si-O link, Si-OH and Si-X bonds react further to 
regenerate the acid and form a new siloxane linkage. A series of bond scissions and 
reformations follow to form a polysiloxane chain as a result o f  a favourable energy 
gradient.
x[R 2SiO ]n + x[R*2SiO ]n * -  - [  R2 SiOSiR*20 ] “
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+ X-
= S i - 0 - S i=  + H + — ► = S i -0 - S i=  -------------^  =Si-O H  + X-Si=
1
H 
E S i- 0 - S i=  + HX
Alternatively, two silanol groupings may condense to form a new siloxane linkage 
with the elimination o f  water which can promote further silanol group production through 
hydrolysis o f  an Si-X bond, i.e.
=Si-OH + HO-Si=------------- ► =Si-0-Si= + H20
ESi-X + H20  ------------- ► =Si-OH + HX
An alternative mechanism may occur which involves nucleophilic attack on the 
oxonium  complex by a siloxane oxygen of an unprotonated molecule to form a new 
siloxane linkage, i.e.
=Sir O-Si2s  + =Si3-0-Si4= — ► sS i2-0-Si4s  + =Sir O-Si2P + H*
H
Strong acids are frequently used as catalysts, and acid equilibration of
polysiloxanes with organohalosilanes proceeds by an exchange reaction, whereby the
silicon atoms o f  the halosilane become incorporated into the siloxane chain, i.e.
sS ir X + =Si2-0-Si3= -------- ► 5S i2-0-Sij= + =Si3-X
The nature o f  the substituents strongly influence the reactivity of  the Si-O-Si bond 
in acid catalysis. Increasing the size o f  the aliphatic substituent decreases the reactivity.
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Thus methyl-siloxanes equilibrate and polymerise more quickly than siloxanes with 
aromatic substituents. Similarly, electron acceptor substituents will decrease reactivity 
towards acid catalysis. On completion of polymerisation, catalyst removal is generally 
necessary to prevent any redistribution reaction during the polymer heat ageing process. 
This can be achieved by careful washing or extraction with water, or by filtration 
followed by neutralisation.
Lewis acids of  the Friedel Crafts type are known to cleave siloxane linkages, and if 
the reactions involved are reversible then siloxane bond redistribution will occur. The 
mechanism illustrated below is similar to that of a protic acid, where an oxygen atom of 
the siloxane initially acts as an electron donor towards the catalyst. The key feature here is 
the instability of the adduct formed between the siloxane and Lewis acid which 
decomposes to regenerate the catalyst and a new Si-O bond11.
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Polymerisation by base-catalysed reactions are now thought to proceed via ion 
pairs or charge separated ion pairs in which the cation interacts with oxygens of the 
siloxanes. These ion pairs dissociate to provide a low concentration o f  unassociated ion 
pairs prior to propagation. As with acid catalysts base catalysts promote cleavage and 
rearrangement o f  siloxane bonds, leading to polymer formation and regeneration of  the 
catalyst. This process is illustrated in the scheme below:
OH-
Si-O-Si = -------- ► =Si-0-Si=
l
OH
Thus the extent o f  these reactions are sensitive to the nature o f  the cation, and to 
the presence o f  species more basic than siloxanes that can complex competitively with the 
cation. As for acid catalysis, the choice o f  solvent can influence the rate o f  rearrangement. 
Increasing the polarity o f  the solvent results in the formation o f  a higher concentration of 
S i-O ' ions, and a fast attainment o f  equilibrium. Base catalysts can be rem oved by 
analogous methods to those described for acid catalyst.
1.2.2 Properties and Application of Poly(organosiloxanes) and their Derivatives
Poly(organosiloxanes) are of increasing interest in science and even more in 
technology arise mainly from the nature, physical and chemical characteristics of  the 
siloxane Si-O bond which have been discussed earlier in this chapter. These 
characteristics include a high thermal and oxidative stability, good electrical properties, 
low surface energy, high hydrophobicity, U.V resistance, a good chemical resistance, film 
forming ability, water repellent properties, high permeability to many gases, and 
biocompatability.
K+
>■ = S i - 0  + HO-SiE  ► = Si-OK + H()Si =
y
= Si-()-Si= + KOH
Despite the good overall stability o f  poly(organosiloxanes), two types o f  reaction 
can contribute to severe property changes. Free radical homolytic cleavage of  Si-O, Si-C, 
o r  C-H  bonds can occur, for example on long exposure to air, leading to cross-linking.
=Si-C H 3 ->  =Si-CH*2 ->  =Si-C H 2C H 2-Si=
More serious degradation occurs under these conditions in the presence o f  water or 
alcohol, particularly if traces o f  acids or bases are generated. The silanol intermediates 
yield a mixture o f  linear and cyclic materials by the mechanisms described earlier.
Nevertheless, silicones have numerous applications, many of which are dependent 
upon their water repellency. Thus silicone elastomers can be used as insulation on wires . 
Even when the insulation is exposed to high temperatures, properly controlled systems 
burn to a non-conducting ash, which m eans that the degraded material may continue to 
function as insulation in a suitably designed cable20.
The mechanical properties o f  silicones can also be tailored for many purposes by 
proper  use o f  cross-linking chemistry. A lightly cross-linked linear siloxane polymer has a 
low modulus and is quite weak when compared with other polymers and materials. 
A m orphous silica particles are frequently used to increase tensile strength and also raise 
the modulus. Recent developments have shown that on rearrangement o f  cross-links, 
unique properties can be achieved. The nature of organic substituents strongly affect the 
electrical properties with hydrocarbon side groups such as n-octyl giving resistivities and 
dielectric constants similar to those o f  hydrocarbon fluids, whereas very polar groups such 
as nitrophenyl increase the dielectric constant. The high diffusivity o f  silicones, combined 
with high transparency and biological inertness, gives rise to several interesting 
applications21,22 as indicated in Table 1.4.
The chemistry o f  cyclosiloxanes has some biological implications and interest. 
Thus 2,6-cis-diphenylhexamethylcyclotetrasiloxane has been reported to have oestrogenic 
antigonadotropic activity in some mammalian species23. Since (Me2SiO )4 is a component
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o f  a lotion for skin care, the toxic and allergenic properties o f  common cyclosiloxanes 
have been studied in detail. Other silicon containing compounds exhibit biological 
activities which are a function o f  size, configuration and silicon substituents, e.g. 
trimethylsilanol is a central nervous system depressant. These bio-activities are not always 
predictable from structure/reactivity considerations, and silicon-containing compounds 
should always be treated with respect.
Tw o other classes o f  siloxanes which are of importance are branched and ladder 
polym ers composed o f  trifunctional (T) units. Poly(phenylsilsesquioxanes) are used for 
the preparation of  molecular orientation-controlling layers of  liquid-crystal display 
devices. Silsesquioxanes (RSiOj 5)n are polycyclic, cage-like siloxanes; these compounds 
have attracted the attention o f  both academic and industrial laboratories, owing to their 
interesting properties and possible applications. For example, the addition of oligomeric 
methylsilsesquioxanes increases the arc resistance o f  phenyl-formaldehyde resins, and 
poly(methylsilsesquioxane) based composite materials have a high tensile strength and a 
low water sorption. The m ethods o f  synthesis and structure of silsesquioxanes have been 
thoroughly investigated. Ethylcyclodisiloxanes and ethylcyclotrisiloxanes, containing 
silsesquioxane units, were prepared by cohydrolysis of EtSiCl^ and E tH S iC ^ 24. The 
cyclohexylsilanetriol, formed in dilute aqueous acetone solution by the hydrolysis of 
cyclohexyltrichlorosilane, condenses to give an easily isolated dimer, a trimer and a 
tetramer. Further condensation gives a resinous mixture which very slowly converts to 
three crystalline species25:
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a c e t o n e
R S i C I 3 ----------------- --
R = c - C g H  1 1
Alkoxysilanes can also be used as starting materials. Thus 
poly(methysilsesquioxanes) have been prepared by hydrolysis of MeSi(OMe )3 in the 
presence of  Ca(OH)226. Much attention has been paid to the physical properties of 
organosilsesquioxanes, especially their surface properties and thermal behaviour. For 
example, Cy7Si70 9 (0 H )3 has been used as an idealised model for silica surface sites. Its 
close-range geometric similarity to known S i0 2 morphologies makes it the best model for 
silica that has been developed to date27'30. The relatively unstable 
poly(phenylsilsesquioxanes) undergo thennal changes due to cross-linking. The nature of 
the organic substituents has a predominant influence on the mass spectral fragentation of 
organosilsesquioxanes. For methyl and ethyl derivatives only, cleavage of the alkyl-silicon 
bonds occurs, whereas for vinyl derivatives Si-O bonds are broken. Also in three 
dimensions the vertex-deficient cuboides of R7Si7Oy(OH )3 analogues (where R= C-C5H 9 , 
c-C6H n , c-C7H ]3)27, can be capped by a range of transition28,29 and main group element 
fragments30, to form analogues of  silica-supported metal catalysts.
Me
MeCcHii I
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Besides a high thermal stability, this cluster has excellent solubility in organic 
solvents. Feher and his coworkers have utilised the enhanced reactivity of  the 
incomplete-condensed silsesquioxane (c-C6H n )7Si709(0H )3 towards main groups and 
transition-metal halide complexes to provide an alternative route for the preparation of
- 20 -
metallasilsesquioxanes. For example, the reaction o f  (c-C6H, 1)7Si70 9(0 H )3 with M e5Sb is 
m uch faster than the reactions o f  M e5Sb with silanols containing fewer than three 
mutually hydrogen-bonded siloxy groups.
The unusually high thermal and thermo-oxidative stability of 
poly(organosiloxanes) is another important property. Whilst most polymers containing 
C-C single bond main-chain units begin to degrade at temperatures above 250°C, 
rigorously purified polysiloxanes are stable under high vacuum or in an inert atmosphere 
to at least 350-400°C. This difference is directly attributable to the greater strength o f  the 
Si-O bond relative to the C-C bond, as discussed earlier. Macfarlane31 measured the 
changes in the molecular weight o f  PDMS on extended exposure to isothermal heating 
(Figure 1.1). In silanol terminated polymers, they found that above 160°C the molecular 
weight first increased with time to reach a maximum value and then decreased as the 
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Figure  1.2 Effect of therm al degrada tion  on the m olecular weight of silanol
te rm ina ted  PDMS
The initial increase in molecular weight was attributed to silanol condensation 
reactions between end-groups which leads to a considerable broadening of the molecular 
weight distribution. The activation energy of this reaction was 35.6 kJ m ol'1 32 in good 
agreement with the usual value obtained for the silanol condensation reaction33. 
Subsequent degradation results in a linear decrease in molecular weight with the extent of 
volatilization, which indicates that the volatile cyclic products are formed in a step-wise 
fashion. An investigation of the degradation of  trimethylsilyl end-capped
poly(dimethylsiloxanes) by thermal gravimetric analysis revealed that this process started 
in argon at about 390-410°C, with an activation energy measured in vacuum of 159± 12.5 
kJ m o l '1 and 180±12.5 kJ m o l '1 34. Considering that the values obtained correspond to less 
than one half of the siloxane bond dissociation energy of ca 490 kJ m ol'1, it was 
concluded that depolymerisation of the polysiloxanes was governed mainly by molecular 
structural and kinetic factors rather than by bond energies. To account for this surprisingly 
low activation energy for the polysiloxane depolymerisation reaction, a mechanism was 
proposed by which siloxane bond rearrangement occurs through the formation of an 
intramolecular, cyclic, four-centre transition state, which is involved in the rate 
determining step of the polysiloxane degradation process, as shown below:
Me Me
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T able  1.4 P ropert ie s  and  application of polv(diorganosiloxanes)
P ro p e r ty A pplication
T h e rm a l  s tability  a n d  U.V. 
resis tance
Oil seals, oven gaskets, insu la tors , paints, ca thode 
ray  tube, gas tu rb ines  an d  roo f  coating.
Surface  b ehav iou r  a n d  
release ch arac te r is t ic s
N on-spread ing  lub rican t,  an tifoam  agent, protective 
coating pigm ents, space hea te rs  and  skin coating for
high speed a irc ra f t .
Adhesive p roper t ie s  a n d  
viscosity
C onstruc tion  of je t  planes and  rockets, b ra k e  fluids, 
liquid spring, toys a n d  sound dam ping .
Chem ical stability  and  
b iocom patab ili ty
Blood transfusion  tub ing , gaskets in chemical reac tors , 
conveyor belting in the foodstuff industry , m edical 
applications in plastic su rgery  and  d ru g  ca rr ie rs .
High perm eabil ity C ontinuous d rug  release, gas separa tion  technology,
contac t lenses, selective liquid ex trac tan ts  and  fibre 
coating.
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C H A P T E R  T W O
INTRODUCTION TO H E TER O C Y C L IC SILO X A N ES
2.1 SUMMARY
The incorporation o f  one or more heteroatoms into cyclic siloxanes or silazanes 
will modify the structure and properties o f  the ring, in a way which will be highly 
dependent upon the bonding properties and characteristics of the backbone o f  the 
com pound, as well as the nature o f  the heteroatom substituents. These considerations are 
briefly reviewed in this chapter. Introduction of one or more small heteroatoms such as 
boron into a six- or eight-membered siloxane ring would be expected to increase the ring 
strain present in these molecules, and therefore facilitate ring-opening polymerization to 
polyheterosiloxanes. This is a key consideration in this study which seeks to prepare 
com pounds with properties that complement and extend those o f  conventional siloxane 
polym er systems, for possible use as preceramic polymer precursors to silicon carbide.
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2.2 I N O R G A N I C  R I N G  S Y S T E M S
Cyclic ring and cluster structures, consisting of entirely carbon atoms, are the basis 
o f  a vast area of organic chemistry. Partial replacement of carbon by heteroatoms leads to 
an extensive group of heterocycles and cage molecules, while full replacement of carbon 
produces inorganic ring and cage systems with totally different properties. For example 
starting from cyclopentadiene, successive replacement of CH by its isoelectronic 
equivalent nitrogen, produces pentazole:
Inorganic ring systems have a long history1, and representative examples are now 
known for every non-metal. However, the development of inorganic ring chemistry has 
occurred in the shade of  more spectacular achievements (for example in coordination and 
organometallic chemistry). Inorganic homo- and heterocycles were in the past studied 
mostly in relation to the chemistry of specific elements such as sulphur, phosphorus, 
silicon and boron, which were noted for their tendency towards catenation, and these are 
used to illustrate the ring classifications below.
Inorganic rings can be classified conveniently according to their composition and 
structure into the following types:
(a) Homocycles containing identical atoms, (A)n:
\  /
I I  N
• S i — S i -  ) S i  - S i  v ) S i  S i (
1 I I I I
■Si— S i -  >Si  S i \  > S i  S i '
I I ^ S i ^  ' - S i ' ' '
/ \  /  \
(b) Heterocycles formed by insertion of a heteroatom into a parent homocyclic 
system whilst preserving bonds between like atoms, AmBn, where m*n:
I I \- S i  S i -  ) S i  SiC - P  P -
>Si  S i<  >Si  S i s  - P  P -  
' - O " '  " ' O
(c) Heterocycles formed by regular alternation of two different elements containing 
repeat units or atom pairs, (AB)n. This type is of particular importance in 
inorganic heterocyclic chemistry:
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(d) Mixed types of heterocycles, in which the regular alternation is disturbed by 
introducing a third element. These heterocycies are formed from different 
units or atom pairs AmBpCn:
\  /  
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Types (a) and (d) are known mainly for non-metallic elements in combination with 
main group elements. Polycyclic systems are often formed by connection of monocyclic 
units via bridges (bridged rings), by one common atom (spirocyclic systems), or by two or 
more common atoms (fused rings):
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Particularly interesting examples of polycyclic systems are provided by 
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The various types of inorganic rings are inter-related. Thus the transition from 
homocyclic systems to heterocycles formed by regular alternation occurs formally via 
successive insertion of heteroatoms:
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2.3 S T R U C T U R E  AND B O N D IN G  IN H E T E R O C Y C L I C  S Y S T E M S  
C O N T A IN IN G  S IL IC O N  AND B O R O N
The main group elements, which are com m only involved in the formation of ring 
systems are listed below:
B C N 0
A1 Si P s
Ga Ge As Se
In Sn Sb
Electronegativity can been used to compare qualitatively several important 
properties of  the elements. A simple comparison o f  the electronegativies o f  carbon and the 
surrounding elements, shows that carbon occupies a central position between the most 
electronegativity element, fluorine xF = 4.0 on the Pauling scale2, and the least 
electronegativity element, caesium xCs = 0.7. Therefore carbon shows little tendency 
unless bonded to a very electropositive element to form ionic bonds, and instead forms 
extensive homoatomic chains and rings. When saturated such compounds are quite inert to 
either electrophilic or nucleophilic attack. The elements with an electronegativity greater 
than that o f  carbon, do not form stable hom onuclear chain and rings without additional 
stabilizing factors. This is examplified by oxygen and nitrogen, which show little tendency 
to form homo-rings or chains containing more than four oxygen or eight nitrogen atoms. 
Even such short chains are very unstable. Cyclopentaazadiene (1) exhibits some stability 
due apparently to the presence of a sextet o f  Tt-electrons within the ring, and to 
conjugation with the phenyl group. Cyclohexaazatriene, which may be formed by the 
photolysis o f  cis-diazidobis(triphenylphosphine)platinum(II) in ethanol or THF, was 
tentatively assigned the structure shown in (II)3.
Catenated species of oxygen and nitrogen tend to rearrange to very short-chain 
species, which are more favoured electronically. The ability of oxygen and nitrogen to 
form stable multiple bonds with themselves due to the favourable 2 p-2 p bonding 
interactions as in 0 = 0 ,  N=N or R-N=N-R, favours the destabilization of larger rings or 
chains with lower bond orders. Elements with an electronegativity less than that of carbon 
have only a small tendency to form catenated molecules, and these are unstable towards 
the action of oxidizing reagents. Electron-poor elements o f  the first row elements readily 
form cage structures rather than rings as in icosahedral B 12 units. This maximizes the 
bonding effects of the valency electrons. Heavier elements with sufficient valence 
electrons to form catenated or multiply bonded species such as Si, Ge, Sn, P and As, 
favour homocyclic and linear species containing 4-8 atoms, but their stability does not 
compare with that of homocyclic carbon compounds. Multiply bonded dinuclear species, 
R 2M =M R2, have also attracted considerable attention, particularly for Si, and both P and 
As form M=M molecules at elevated temperatures.
The bond energy of a heteronuclear species contains a term determined by the 
differences between the electronegativities of the elements forming the linkage2:
D PAB =  D npA +  D npB + 23.06 ( x A -X R)"
where DpAB is the bond energy of the polar heterogeneous bond (A-B), DnpA and 
DnpB are the non-polar contributions to the bond energy from the elements A and B, xA
and xB are the electronegativities o f  the elements A and B. Thus, linkages between 
different elements will in general have higher bond energies than their homologues, (Table 
2.1) which tends to promote chain and ring formation. It is not surprising therefore that the 
m ost stable inorganic heterocycles and polymers are formed by alternation o f  two 
elements, A and B, having electronegativities greater and less than that of carbon.
Table 2.1 Bond energies
H om ogeneous bonds Heterogeneous bonds
S i - S i 209 S i— 0 423 S i — N 301 S i -----S 255
G e —Ge 167 G e — 0 402 Ge— N 276 G e— S 234
S n —Sn 142 S n — 0 389 Sn— N 264 Sn —  S 222
N -  N 134 N — 0 184
P - P 209 P —  0 352 P — N 251 P —  S 230
A s —As 159 A s— 0 352 As— N 234 As — S 209
S b - S b 142 S b — 0 342 Sb— N 234 S b — S 205
0 - 0 142s -  s 209 S —  0 255 S — N 193
S e — Se 176 S e — 0 230 Se— N 243 Se — S 201
Other important factors which strongly influence the stability and the structures of 
ring systems are the presence on one element of vacant orbitals, and on the other o f  low 
energy electron pairs. Thus electron delocalization, donor-acceptor and other electronic 
and steric features4 can enhance stability. Such factors explain in part the high stability 
and inertness of cyclophosphinoborines (III), in which both boron and phosphorus are less 
electronegative than carbon, but boron can accept electron density from phosphorus, so 
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The particular stability o f  carbon in its sp3 hybridization state may be a further 
factor responsible for the great ability o f  carbon to catenate. The absence o f  free orbitals 
and lone electron pairs makes a saturated C-C bond very unreactive. It is a reasonable 
expectation that in inorganic ring formation, each element will exhibit its most stable and 
characteristic hybridization state, as in non-cyclic compounds. Therefore, if there are two 
different structures, which both satisfy simple valency rules, one involving a 
non-characteristic hybridization state and a cyclic one involving only atoms in their 
characteristic hybridization states, the cyclic arrangement will be preferred. This explains 
the instability o f  the multiple-bond compounds o f  some element with oxygen, nitrogen or 
sulphur. Thus no monomeric compounds containing any of the following multiple bonds 
are stable:
-B = 0 ,  =Si=(), -B=N-, -B=Si-, =Si=S
In such compounds boron and silicon would have the uncharacteristic hybrid states 
sp and sp2 respectively. Polymerization or cyclization of monomers containing such 
multiple bonds gives compounds (cyclic or polymers) containing the units below, in which 
every element exhibits its stable hybridization state for the given valency. This explains 
why in reactions involving silicon and boron where monomers with double bonds might 
be expected, only their cyclic or linear polymers are isolated under normal conditions. The 
sam e is expected for compounds o f  composition Rn-E -0 ,  Rn-E-N-R and Rn-E-S, where E 
= Al, Ga, In, Sn, Pb etc.
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Introducing an appropriate heteroatom  into a hom ocycle should give a heterocycle 
o f  com parable or higher stability, and replacing an elem ent A by an elem ent C in a 
heterocycle (A B)n form ed by regular alternation, should give rise to a new heterocycle if 
the pair A -C  has sim ilar electronegativities and its characteristic hybridizations are 
preserved. Sim ilarly, the elem ent B can be replaced by D as appropriate. Therefore, it can 
be concluded that if two heterocycles (AB)n and (C D )n are known, one should be able to 
prepare the interm ediate heterocycles A nBmD n_m. In this way, transition series of 
heterocycles m ay be obtained, having interm ediate com position betw een two heterocycles 
w ith one com m on elem ent. A few such series have already been com pleted5:
2.3.1 H eterocycloboroxanes
B oron-oxygen heterocycles o f various ring sizes are known, the regular 
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In m any com pounds boron m ay become four-coordinate by addition o f 
supplem ental groups, such as hydroxyl groups. The four-m em bered ring (IV) and 
six-m em bered ring (VII) are in fact known only with three-coordinate boron. The parent 
six-m em bered ring com pound (H B O )3, contains a planar B30 3 ring and is stable only in 
the gaseous phase. In the condensed state it is therm odynam ically unstable at room  
tem perature and disproportionates into B 20 3, but it provides the parent skeleton for an 
extensive class o f boron-oxygen heterocyclic derivatives, whose chem istries were 
established before 1970. M ost o f the progress achieved in the following decade relates to 
the preparative and structural chem istry o f cyclic borates derived from the B30 3 ring. 
G rignard  reagents have been m uch used in the preparation o f cyclotriboroxanes. Thus 
these reagents react with trialkoxyboranes to give cyclotriboroxanes6, and aryl derivatives 
are form ed in the reaction o f refluxing alkyl or aryl halides with m agnesium  in TH F in the 
presence o f boron7. The dehydration o f boronic acid RB (O H )2, also provides a convenient 
m ethod for the preparation o f organocycloboroxanes8. Finally, many organoboron 
com pounds containing B-H bonds can be converted to cyclotriboroxanes because o f the 
stability  o f the B-O  linkage. Thus substituted diboranes (RBH 2)2 hydrolyse to (R B O )3 and 
refluxing 1,1-dim ethyl-1,2-azaboralidine with t-butanol or in wet TH F also affords
-38-
cy c lo tr ib o ro x an es.
B u‘OH
* - (R BO )j R=C H 2C H 2C H 2N M e2
or H 20 /T H F
T here are two basic types o f transform ation o f  cyclotriboroxanes. In one the B 3O 3 
ring  is preserved, and in the other the ring is cleaved. Addition reactions affording 1:1 
adducts occur between cyclotriboroxanes and various nucleophiles by donation from 
nitrogen, oxygen or phosphorus to boron. A n increase in the size o f the organic group on 
boron reduces the acceptor properties o f the boron atom. A nother such reaction involves 
insertion which has been investigated in considerable detail9. This reaction take place 
during oxidation with various reagents, when alkyl and aryl cyclotriboroxanes are 
converted  to alkoxy and aroxy derivatives.
The cleavage o f the B3O 3 ring with organic functional derivatives containing 
m obile hydrogen can be used for preparative purposes in the synthesis o f organoboron 
com pounds. For exam ple, the reaction with am idoxim es gives five-m em bered rings10.
R t - C  —  N







2 .3 .2  H e te ro c y c lo s ila z o x a n e s
Cyclosilazoxanes are heterocycles, usually with 4-12 ring atom s form ed by partial 
replacem ent o f NR in the cyclosilazane rings by oxygen. The parent com pound contains 
the four-m em bered Si2NO ring system  shown below 11. NM R analysis of 
pentam ethyldisiladioxazine showed that the Si2NO ring which predom inates in polar 
solvents at low tem peratures, rearranges to a six-m em bered ring com pletely at 100°C in 
benzonitrile11.
R 2
^ S i \  R 2
N O 40°C x " S i \
|| |   »  R - C - N  O
R - C  S iR 2 100°C II
x o -"  O R
The bis(isopropyltrim ethylsilyl)am ino-substituted S i2NO ring has also been 
prepared by cyclization o f 1-fluoro-3-am inodisiloxane with B uLi12.
+BuLi
M e2Si SiM e2 --------------------► Me2Si SiM e2
I I -LiF n - N /
F NH M e , BuH |
M e
L arger ring system s are com m only prepared by one o f the three general routes 
involv ing  (a) ring closure o f linear com pounds, (b) partial hydrolysis o f cyclic precursors, 
and (c) insertion reactions. These are exem plified below.
T reatm ent o f 0 (S iM e 2N H M e )2 with dihalosilane R R *SiX 2, after m etalation or in 
the presence o f E t3N, leads to ring closure, with form ation o f a six-m em bered Si3N20  
ring. The use o f a dipolar solvent (DM F) is necessary for the form ation of the cyclic 
com pound (VIII) in the reaction o f aniline with 0 (S iM e 2C l)2, otherw ise linear oligom ers 
are the only products13. The reaction o f (M e2SiN H )3 with M e2SiCl2 in wet d ioxane14, led
-40-
to the form ation o f (VIII) and (IX). Spirocyclic com pounds containing silazoxane rings 
can also be prepared using this m othodology. Thus the spirosilazoxane (X) is form ed as an 
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Hydrolysis is another frequently used m ethod for the preparation of 
cyclosilazoxanes. Thus hydrolysis o f the cyclodisilazane Me4Si2N 2H (SiM e3) gave a 
bis(trim ethylsilyl)-substituted eight-m em bered ring Si4N 20 2, this ring also resulted from  a 
rearrangem ent o f a four-m em bered ring com pound containing silanol substituents. The 
eight-m em bered ring has been shown to exhibit a chair conform ation16.
SiMe2OH


























A nother interesting m ethod o f preparing cyclotetrasilazatrioxanes is via the 
reaction o f m onom eric silaim ines R2Si=NR (generated by the gas-phase pyrolysis o f the 
corresponding silylazides), with hexam ethylcyclotrisiloxane (M e2SiO)317. The fragm ent 
inserts into the S i-0  link o f the strained cyclotrisiloxane resulting in ring expansion.
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In principle a large num ber o f heterocyclic silazanes are possible by replacing one 
o r m ore o f the Si atom s in cyclosilazanes with another heteroatom , e.g. boron, germ anium , 
phosphorus, arsenic and sulphur. To date there are very few reports concerning such 
com pounds. Four-m em bered cyclobora- and cyclophosphasilazanes have been prepared 
how ever, by the reaction o f N ,N *-dilithium octam ethyltrisiazanes with phenylboron 
d ich lo ride18.
/N (L i)S iM e3
M e2Si
NN (L i)S iM e3
M e2
PhBCX,





 ► ^ S i  ^
PhP C l! M e3S i— N N —SiM e3
I
Ph
O ther lithium -term inated oligom eric silazanes o f potential interest for sim ilar 
syntheses are know n, including LiN (R)Si(R2)NRLi and (L iN R SiR 2)2N R 19. Thus, 
six-m em bered rings containing silicon, nitrogen and boron or germ anium  have been 
obtained by the reaction o f dilithium  diam inodisilazane with phenylboron dichloride or




MeN(SiMe2NMeLi)2 + PhBC!2 ► I I




The m olecular structures o f six-m em bered ring com pounds containing 2:1 and 1:2 
Si to B ratios have been determ ined5. The Si-N-B fragm ents are alm ost planar and no 
unexpected geom etric param eters were observed in either structure.
Me Me 
\  /
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M e -N  N -M e
I I
P h - B  B -P h
I
Me
A n alternative m ethod o f generating cycloheterosilazanes involves hom ofunctional 
condensation o f  different am ino derivatives. Heating bis(dim ethylam inodiphenylsilane) 
w ith tetrakis(dim ethylam ino)diboron yields, after elim ination o f dim ethylam ine, a B-N-Si
com pound w ith one o f the two structures shown below , based' on infrared and NM R
evidence21.
Rings with four different elem ents, namely Si, N, B and O, have also been 
obtained. These include the six-m em bered system , Si2N 2BO, obtained in the reaction of 
0 (S iR 2N R L i)2 with phenyl boron dichloride, and the six-m em bered Si2N 0 2B ring 
com pound afforded by the reaction o f PhB (O H )2 with M eN (SiM e2C l)2 in the presence o f 
E t3N 22.
2.3.3 H eterocyclosiloxanes
Interest in the chem istry o f cyclosiloxanes, their structure, physical properties and 
reactiv ity , has been stim ulated by the developm ent o f their applications. Not only have the 
organic substituents on silicon been varied23, but the basic skeleton can be m odified by 
partial replacem ent o f silicon atom s by other atom s groups. From  the industrial viewpoint, 
organocyclosiloxanes are im portant since in the presence o f acidic or basic catalysts they 
undergo polym erisation to produce silicone fluids and elastom ers which have been 
discussed  earlier. Introduction o f main chain substituents may lead to novel m aterials with 
o ther useful properties and applications.
A lthough heterosiloxanes have been known for over 30 years1, structural 
characterisation o f these species is relatively recent. The largely intractable nature o f high 
m olecular w eight polym ers has focused attention on small m olecule m odel systems. 
Substituted heterocyclosiloxanes, with some silicon atom s o f the siloxane units replaced 
by o ther elem ents, m ost frequently boron, phosphorus, alum inium  and several transition
m etals, have received some attention. In this review  only recent exam ples o f 
heterocyclosiloxanes containing selected transition m etals form ing d ifferen t ring size 
com pounds, and m ain group elem ents o f relevance to this study will be explored. 
B orocyclosiloxanes will be discussed in m ore detail, due to their involvem ent in this 
study.
Heterocyclosiloxanes containing transition metals
The recent preparation and structure determ ination o f  the copper(II) siloxide 
com plex  {Cu[O Si(O Bul)3]2(py)2 } (py= pyridine) show  below  typifies attem pts to  isolate 
and  characterise silicon analogues of metal alkoxides24. The structure o f  this com plex 
consists o f w ell-separated m onom eric units with square planar coordination. No 
m onom eric copper analogoues with m onodentate alkoxy or aryloxy ligands has been 
structurally  characterized, but a related com pound having two aryloxy legends and two 
nitrogen donors per copper atom , (Cu(O Ph)2(en)J2 .2PhOH, is dim eric with bridging 
phenoxy groups25. Schm idbaur has also reported a series o f copper(I) com pounds, 
[C uO SiM e3]4 and (M e3P )xC uO SiM e3 (x = 1-3), that are polym eric with bridging siloxide 
ligands26.
Cyclic and oligom eric system s represent further Si-O-M  aggregation (M = 
transition m etal), and the structures o f two cyclo-titanosiloxanes, 
c is-[(py)2T i[0 SiPh2(0 SiPh2)2 0 ]2.2 PhM e (XI) and T i[O SiPh2(O SiPh2)30 ] 2 (XII), which 
contain  T iSinC>2n+2 (n= 3, 4) heterocycles with 8 - and 1 0 -m em bered rings, have been 
reported. They were synthesized by the reaction o f dilithium  tetraphenyldisiloxanediolate
C^Bu
i i 1 .
‘BuO  —  Si —  O - C u - O - S i -  O'Bu
O'Bu O 'Bu
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Ph4Si20 (0 L i)  and titanium tetrachloride in the presence o f pyridine, and by the reaction of 
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X-ray crystallographic studies of cis-|(py)2T i|O S iPh2(OSiPh2)2OJ2.2PhMe show a 
distorted octahedral geometry about the central titanium atom, with the titanasiloxane 
rings adopting an almost planar conformations. The Si-O(Si) bond lengths and Si-O-Si 
angles are close to those in the tetrahedral com pound T i[0S iP h 2(0 S iP h 2)30 ] 2, and the 
T i-0  bond lengths and Ti-O-Si angles are 1.87 A and 180° respectively, and indicate very 
strong bonds due to the O —>Ti 7t-bonding. This would explain the high thermal stability of 
these compounds, even though the ring strain in these heterocycles is expected to be high. 
Recently [Cr{(OSiPh2OSiPh2)-N a(TH F)2)2| (XIII) has been synthesized and structurally 
characterized, and in combination with trimethyl alum inium  it may used as a precatalyst 
for the polym erisation of ethene to linear polyethylene29. The angles at silicon atoms are 
close to regular tetrahedral values. The siloxane rings are coplanar and the geometry at the
- 46 -
chrom ium  site is consequently square planar. The siloxane fram ew ork in the structure 
(X III) is flexible enough to accom m odate a range o f metal stereochem istries at the spiro 
atom  sites, The Si-O-Si angles are relatively small |m ean: 128.0] and this probably
indicates som e degree o f ring strain.
o  o
Ph? '  Na /  Ph?
I ■ /  V  i “
S i —  O O —  Si
/  \  /  \
O Cr O
\  /  \  /
S i — O v O — Si
I \  /  I
Ph2 / N a \  Ph2
O O
Heterocyclosiloxane containing main group element
H eterocyclic com pounds containing main group III elem ents such as Al, T1 and B 
are m ore com m on and will be discussed here. G erm anium  is also included because o f its 
sim ilarity  to silicon. The reaction o f M e6A l2 with poly(organosiloxanes), (R?SiO)n leads 
to rupture o f the silicon-oxygen fram ew ork via attack by the electron poor m etal on the 
oxide bridges and yields the novel dim eric alum inium  siloxides [M e2A l(O SiM e2R)2]230, 




2/n (R M eS iO )„  + 2 AIM e3  ► M eAl A IMe
S s O ' /
I
SiM e2R
R = Me, n C ]sH37, CH 2C H 2CF3, Ph
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The structure o f this com pound (R = Ph) has been confirm ed by x-ray 
crystallography, and show a planar A120 2 ring system  with the siloxy phenyl rings in the 
anti-conform ation. It has been suggested that the nature o f the siloxane polym er 
end-b locking  unit, such as SiM e3, m ay play a role in determ ining the products. For 
exam ple, the addition o f A12R 6 to H O (R 2SiO)H results in initial form ation o f -SiOAlR2 
end-blocked polym ers30, whereas the interaction o f A l2M e6 with the cyclic trisiloxane 
(M e2S iO )3 in which no end-blocking unit is present, results in the form ation o f the 1:1 
Lew is acid-base adduct M e3A l[(O SiM e2)3]30. A nhydrous alum inium  chloride is also able 
to split the siloxane bond, and it reacts with (M e2SiO )4 at 120°C to form an 
alum inocyclosiloxane C lA l(M e2Si)20 3, which is catalvtically  active in the rearrangem ent 
o f  hydrocarbons and can also be used as a catalyst in the alkylation o f benzene by 
p ropane31.
O ther heterocyclicsiloxane ring system s containing thallium  have been reported 
recently32. Thus the reaction o f Tl(OEt) with (R2SiO )n in PhM e or Ph3Si(O H) at ambient 
tem perature instantly yields the ladder polym er {|T l2(0 S iM e 2)20 | 2 )n.
TI(OEt)
(i) H O SiPh: 
c 6h 6
1/4 [T l(-O SiPh3)]
(ii) 2/m  (O SiM e2)T 
(PhM e)
V  (1/n) {[TI2(0 S iM e 2)20 ] 2}n
It is suggested that each o f these reactions proceeds by nucleophilic attack o f O E t' 
at a silicon atom in H O SiPh3 or (OSiM e2)n. The degradation o f a silicone to a disiloxane 
as shown above is very im portant in this type o f reaction. The structures o f the ladder 
polym er contains TIOSiO SiO Tl fragm ents linked into rings by O :-> T1 interactions. 
F urther O :—*T1 coordination links the rings into a polym eric array, centred on T140 4
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cubes. Both structures in the reaction scheme above com prise a tetrahedral arrays of 
thallium  atoms with four oxygens centred over each triangular face, each approxim ately 
equidistant from the three metal centres, which leads to the T140 4 cuboids. The high Lewis 
acidity of T1(I) dictates the lattice structure of this species32.
Non-planer eight-m em bered Si-O-Ge rings are present in [R2G e(0S iP h 2) 0 ]2 
(where R= Me, Ph), which are synthesised by treatment of diorganogerm anium dihalides 
with diphenylsilandiol. These rings are more puckered than those of cyclotetrasiloxane33. 
Interestingly, a seven-m em bered Si-O-Ge ring with a Ge-Ge bond occurs in 
(Ph8G e2Si20 3), which is produced by the reaction of ClPh2Ge-GePh2Cl with Ph2Si(OH)2. 
The ring is slightly puckered and has a twisted conform ation34.
2.3.4 B orocyclosiloxanes
The Si-O-B based heterocycles are of particular interest in the context o f this work, 
and studies of these com pounds provides a valuable insight into how the presence of 
different skeletal atoms influences ring opening polymerization, which could provide a 
route to new inorganic polym ers with interesting and potentially useful properties. These 
com pounds are im portant from the viewpoint of their reactivity and also their 
quasi-arom atic character3  ^ Rings o f general form ula BnSimOn+m will incorporate 
2 (n+m )-electrons from  the oxygen lone pairs, which can be delocalized through the vacant 
p-orbitals on B or d-orbitals on Si. Such heterocycles will then be arom atic by the Huckel 
criterion if (n + m = 3), and antiarom atic when the sum is 4.
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A range of cyclic siloxanes containing boron atom o f different ring sizes (6-10) 
were isolated by M anners and his coworker36. Six-m embered ring compounds 
(PhBO)(RR*SiO )2 (R = *= Me or Ph; R = Me, R*= Ph) were prepared by the reaction of 
the dichlorotetraorganodisiloxanes with phenylboronic acid in the presence of Et3N as an 
acid acceptor. Similar procedures using the appropriate a,a)-dichlorosiloxanes 
C lM e2Si(OSiM e)nOSiM e2Cl (n = 1 or 2) give eight and ten-m em bered rings 
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The x-ray crystal structure o f (PhBO)(Ph2SiO )2 confinned the presence of a 
six-m em bered BSi20 3 planar ring, and analysis of the structural data indicates that the 
structural consequences of replacing a silicon atom (covalent radius 1.17 A) by boron 
atom (covalent radius 0.80 A) are very significant. This causes an appreciable decrease of
0.26 A in the distance between the two oxygen atoms in the 2S i-0 -(B ) bond com pared to 
the situation in (Ph2SiO)337. This contraction can be readily appreciated by noting the 
non-parallel nature of the Si-O(B) bonds. The enforced decrease in the oxygen distance 
leads to a marked contraction of the bond angles to | 127.1°| compared to the value of 
[131.8°] in cyclohexaphenyltrisiloxane. The presence of appreciable angle strain in the
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six-m em bered ring containing Si-O-B is further em phasized by a consideration o f the 
m uch larger Si-O-Si bond angles found in unconstrained, linear disiloxanes such as 
M e3SiO SiM e3 [148.8°] or in essentially unstrained cyclic siloxanes such as (Ph2SiO )4 
[152.3 and 167.40]38. A nother im portant feature o f the six-m em bered ring in (Ph5Si2B 0 3) 
is the significant w idening o f the O -B-O  bond angles to [120.8°] com pared to the 
analogous value o f [118°] in the Ph3B30 339. In addition the structure o f (Ph3B 0 2Si)2 
w hich contains an eight-m em bered planar ring with a 1:1 silicon to boron ratio has been 
recently  determ ined40. The pattern o f bond angles about oxygen across the planar 
e ight-m em bered ring is rem arkably uniform. Only in tricyclic M e12Si8O u) containing two 
Si30 3 rings fused to opposite points o f a near planar Si40 4 unit (L internal angles = 
1072.4°) is equality o f the O -Si-O  angles observed (159.1 (9)°)41, while the M 30 3 rings are 
alm ost invariably planar. This is not the case for the M40 4 system s were planarity is 
relatively  rare. The non-planar rings, typified by the (Si2G e20 4)33 system  discussed 
earlier, incorporate uniform  angles about oxygen atom s in contrast to the planar species. It 
w ould appear that in the planar species, the m ajority o f the ring strain is concentrated at a 
lim ited num ber o f sites, rather than being evenly distributed.
Interestingly, the strain induced in the eight-m em bered Si40 4 by substitution o f 
tw o boron atom s is m ore pronounced than the single substitution on going from  Ph6Si30 3 
to Ph5Si2B 0 3, as reflected in the changes in angles o f the oxygen atom s. Thus, the 
m axim um  angular changes at oxygen on going from Ph6Si30 3 to Ph5Si2B 0 3 is 4.5°, while 
the analogous angles change by 7.3° from Ph8Si40 4 to Ph6Si2B20 440.
R ing-opening polym erization represents a pow erful synthetic route to a variety of 
o rganic polym ers such as polyam ides, polyethers, polycycloolefines, and m ost recently, 
polyacetylenes and polycarbonates42. In view o f the abundance and the structural diversity 
o f  know n cyclic inorganic com pounds, ring opening polym erization m ight be expected to 
provide access to a sim ilar or even broader range o f inorganic m acrom olecules43. 
H ow ever, although the polym erization behaviour o f cyclic siloxanes and cyclic 
phosphazenes has been well explored and the ring opening polym erization o f species such
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as [M e2SiO ]n (= 3, 4) and [N PC 12]3 provides routes to tw o o f the m ost im portant inorganic 
po lym er system s, the polysiloxanes and polyphosphazenes, relatively few other inorganic 
ring  system s have been studied in detail44,4 .^ During the course o f this work, the 
ring-opening polym erization reactions on heat treatm ent o f heterocyclosiloxanes 
contain ing  boron with 1:1 and 2 :1  silicon to boron ratio  were studied and are discussed in 
C hap ter 6 .
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C H A P T E R  T H R E E
IN T R O D U C T IO N  TO CERAM ICS AND P R E C E R A M IC  POLYM ERS
3.1 SUMMARY
In this chapter the general m ethods o f form ing and fabrication o f ceram ics together 
w ith their main properties and functions will be discussed briefly, with the production of 
ceram ic m aterials contain ing Si-C-B-O -N through preceram ic polym er precursors being 
highlighted. Ceram ic m aterials have traditionally been prepared from structurally simple 
starting m aterials. A s a result, their structural features are relatively difficult to control or 
m odify in a system atic fashion. M any polym eric organic and organom etallic m aterials, on 
the o ther hand, can be designed and synthesized in a more controlled fashion by 
proceeding in a step-w ise m anner, i.e, by polym erizing these m onom ers in a subsequent 
reaction step. Successful polym er pyrolysis requires (i) identifying a suitable polym er, (ii) 
devising  an efficient preparative route, (iii) effecting polym er characterisation (yield, 
m olecular weight, purity, etc), and (iv) developing pyrolysis conditions that will yield a 
quantity  and quality o f the desired ceram ic. Ceramic yield is typically m easured by the 
w eight o f the ceram ic product as a percentage o f the starting polym er weight. The quality 
o f the ceram ic product is a function o f polym er com position, structure, and processing 
conditions and is reflected in the com position o f the product. M aking ceram ics by the 
pyro lysis o f organom etallic polym ers, or other precursors, has begun to attract 
considerable  attention; such processing shows great prom ise for producing im proved 
ceram ics and resultant expanded and new ceram ic applications.
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3.2 G E N E R A L  C O N SID E R A T IO N  O F CER A M IC  M A T ER IA LS
The initial m aterial o f this section is drawn from general review s o f standard texts 
on ceram ic m ateriaIsA1. Initially, the m ajority o f ceram ics were based on clay, the word 
ceram ic being derived from the Greek word Keramos, the word for objects m ade o f fired 
clay. This includes pottery and porcelain, glass and enam el, bricks and refractories, 
cem ent and concrete. Added to these were carbon m aterials, electrical and thermal 
insu lators, and grinding and sharpening tool m aterials. A com m on characteristic o f these 
traditional ceram ics was that they were based on natural raw m aterials, with an inherent 
variation in com position, characteristics and m anufacturing processes. M any of these 
traditional ceram ics were located on either the silica-clay or the alum ina-silica-m agnesia 
system s. A dvanced (fine) ceram ics were developed for specific properties, especially 
m echanical, e lectrical/electronic, therm al or optical properties. They differ from the 
trad itional ceram ics in that they use highly refined raw  m aterials, with rigorously 
controlled  com position and characteristics, and strictly controlled m anufacturing 
processes. The com m on features o f ceram ics are high heat resistance, electrically 
insulating or sem i-conducting, with various m agnetic and dielectric properties, strong 
resistance to deform ation and low toughness. The range o f m icrostructures found in 
ceram ics stem s from  the fact that they generally arise from the sintering o f particles, 
frequen tly  involving the presence o f a liquid phase, rather than from  cooling from the 
m olten  state. Tw o m ajor consequences often arise from this, the presence o f significant 
porosity  and thick grain boundary regions.
Industrial m aterials are classified into classes which reflect differences in chemical 
bonding. A lm ost all ceram ics are com pounds o f the electropositive and electronegative 
e lem ents and ionic bonding, but in som e cases covalent or m etallic bonding occurs. 
B ecause o f their extensive ionic and/or covalent bonding m any ceram ics have a high 
m elting  point, high hardness, high Y oungs m odulus, and good resistance to abrasion and
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wear. H ow ever, m any potential uses are precluded by their brittleness and poor thermal 
shock resistance. This brittleness, or lack o f toughness, arises because the bonding, unlike 
that in m etals, does not allow  a region o f plastic deform ation to develop at a crack tip and 
d issipate  the energy and so blunt crack growth.
The ionic ceram ics are generally com pounds o f m etallic ions and non-m etallic 
ions, m ost com m only the oxide ion. The resulting crystal structures approxim ate to the 
m ost efficient packing o f the constituent ions, with ions o f opposite charge being as close 
together as possible. The covalent ceram ics are generally com pounds o f two non-m etals, 
but also includes the elem ent carbon, which forms very directional bonds, generally giving 
chains, sheets or 3D netw orks o f the constituent atoms.
Up to now porcelain, refractories, etc.. have been made using crushed natural 
m inerals, but in order to m ake use o f the specific functions o f fine ceram ics, high purity 
and extrem ely fine pow ders are necessary before the raw m aterial is sintered. Figure 3.1 
show s the structural changes accom panying the m anufacture o f a sintered product. So new 
m ethods have been developed for the synthesis o f base m aterials.
These m ethods, which produce refined base pow ders that com ply with the lim its 
sum m arized in F igure 3.2.
In sintered ceram ics which includes the m ajority o f ceram ics, it is difficult to use 
the m elting-pouring-hardening m ethods em ployed with m etals and plastics, and injection 
m ould ing  requires m alleability. Therefore, m ethods for shaping and then sintering 
pow ders are often used. D epending on shape and required characteristics, num erous 
pow der form ing processes have been developed. The five main ones are illustrated in 
F igure  3.3.
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F igu re  3.3 F o rm ing  m ethods o f ceram ics
Ceram ics have a wide range o f characteristics, so there are a variety o f sintering 
m ethods. The m ain processes are shown in Table 3.1. U sually, ceram ics are oxides or 
non-oxides com posed o f  m etallic and non-m etallic elem ents. Therefore, there are m any 
kinds o f  ceram ics with function in m any fields.
Figure 3.4, from  S Saito1, sum m arises the field under the headings o f function, 
properties and application. Finally, it is perhaps useful to sum m arise the properties which 
m ake fine ceram ics o f such potential and actual use to engineers Table 3.2.
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T a b le  3.1 M e th o d s  fo r s in te r in g  c e ra m ic s
O  S ta n d a rd  p ressu re  s in te rin g  o  R eaction -sin tering
O  H ot p ressing  Q  Post-reaction  sin te ring
O  H ot isosta tic  p ressing  O  R ecrysta lliza tion  sin tering
O  A tm ospheric  p re ssu re  s in te rin g  O  Chem ical v apo r deposition
O  U ltra -h ig h  p ressu re  s in te ring
T ab le  3.2 P ro p e rtie s  o f special ceram ics
Functional
P iezoelectric  effect 
P y roelec tric  effect 
O p toelec tric  effect 
D ielectric p roperties  
T em p, dependen t resistivity 
V oltage sensitive resistivity 
S uperconduction
S tru c tu ra l
High ha rd n ess  
High stiffness 
High corrosion  resis tance  
High s tren g th  (com pression)
Low density  
Low th erm al expansion  
Low friction 
Low toughness
W ide range  of th e rm a l conductiv ity
-61-
N u c le a r  f u e l  " V .
N u c le a r  f u e l  X ^
c la d d in g  X *
C o n t r o l  m a t e r i a l  
-—^ M o d e r a t i n g  m a t e r i a l
R a d i a t i o n " X ^ R e a c t o r  l i n i n g  
r e s i s t a n c e  X .  /
R e f r a c t o r in e s s  X .  /
H ig h  t e m p e r a t u r e  
— s t r e n g t h  /  \
H ig h - t e m p e r a t u r e  
I n d u s t r i a l  
yr  fu r n a c e  l i n i n g
'  E le c t r o d e  m a t e r i a l
H e a t  s i n k  f o r  -— '
\ e l e c t r o n i c  p a r t s , —
X y  R e f r a c t o r in e s s
X y  y  I n s u l a t i o n  
\ / H e a t  c o l l e c t i o n
‘ /  X ^ t l v l t v ^ -
L a s e r  d io d e
O p t i c a l
c o n d e n s in g
H ig h
s t r e n g t h
T h e rm a l N u c le a r
L i g h t -
e m i t t i n g
d io d e
A b r a s iv e s
O p t i c a lM e c h a n ic a lT u r b in e  b la d e
H e a t -
r e s i s t a n t
t r a n s lu c e n t
p o r c e la inS o l id
l u b r i c a n t O p t ic a l
c o n d u c t i v i t yL u b r i c a t i o n ’'B i o l o g i c a l
c h e m ic a l
O p t i c a l  
c o s m u n lc a t lo n  
c a b le  /^ ^ • ^ E l e c t r l c a l  X.
i n s u l a t i o n  \  
E l e c t r i c a l  c o n d u c t i v i t y  
S e m lc o n d u c t iv l t y  
P i e z o e l e c t r i c  
D i e l e c t r i c  
M a g n e tic
t  \  y  B i o l o g i c a l   —
\ y  c o m p a t i b i l i t y  
A d s o r p t io n  
/  X .  C a t a l y s i s
/ A r t i f i c i a l  C o r r o s io n
F ix e d  c a t a l y s t - c a r r l e r  
v  H e a t  e x c h a n g e r  
X v  C h e m ic a l e q u ip m e n t
X .  C e o th e r m a l a n d  o f f s h o r e  
^ " ^ d e v e lo p m e n t  e q u ip m e n t
s u b s t r a t e
R e s is t a n c e  h e a t in g
„  ,  e le m e n t
V a r i s t o r
S e n s o r
P i e z o e l e c t r i c  f i l t e r  
Memory e le m e n t
F igu re  3.4 Som e functions an d  app lications of fine ceram ics, (from  Ja p a n
Fine C eram ics Assoc., Survey o f T re n d s  in D evelopm ent of Fine 
C eram ics  Technologies and S itua tion  of D evelopm ent of R elated 
E q u ip m en t, A pril 1983)
3.3 C O N V E N T IO N A L  R O U T E S  T O  C E R A M IC S
There are m any conventional routes for synthesis o f traditional and advanced 
ceram ics on both the laboratory and industrial scale. A t the same time there is increasing 
dem and for alternative routes to ceram ic m aterials that im part superior properties 
com pared  with those attainable from conventional syntheses. A brief review  o f the main 
conventional routes to ceram ic will be discussed, to provide a background to the 
fabrication route o f principal interest in this study o f the conversion o f polym er to 
ceram ics.
3.3.1 P re c ip ita tio n  fo rm  S olu tion
A lum ina occurs as the m ineral bauxite and is refined in the Bayer process whereby 
ore is initially  dissolved under pressure in sodium hydroxide so that solid im purities (S i0 2, 
T i0 2, Fe20 3 ) separate from  sodium  alum inate solution. This solution is seeded with 
crystals (a -A l20 3 -3 H 20 ), after neutralisation with C 0 2 gas. Tem perature, alum ina 
supersaturation and am ount o f seed affect the particle size during crystallization but, as for 
o ther precipitation reactions, the product is agglom erated.
A nother im portant exam ple is zirconyl chloride which is obtained from  the product 
o f  fusion between zircon and sodium  hydroxide. The m anufacturing route for producing 
partially  stabilised zirconia pow der, involving precipitation from this chloride solution is 
show n in Figure 3.5. Problem s can arise when two or m ore com ponents are coprecipitated. 
Thus different species do not alw ays deposit from solution at the reaction pH, while 
w ashing procedures can selectively rem ove a precipitated com ponent as well as dissolve 
entrained electrolyte. The difficulty  in m aintaining chem ical hom ogeneity  is serious as 
inhom ogeneities have a deleterious effect on the m echanical and electrical properties of 
ceram ics. Because precipitation results in agglom erated pow ders, grinding, dry-m illing or 
w et-m illing with w ater or non-aqueous liquid are used for panicle size reduction so that 
pow der com pacts will sinter to near theoretical density. These com m inution processes can
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in troduce im purities into the ceram ic from  the grinding m edia, while high tem peratures 
are required for densification.
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Partially stabilised zirconia, TZ-3Y. 
obtained on calcination
Mixed hydroxides are dried using 
azeotropic distillation. This involves 
mixtures of solvents which form an 
azeotrope. that is. a system that 
can be distilled without change of 
composition.
S c h e m a t ic  rep resen ta t io n  o f  a c o m m e r c ia l  process  for  p ro d u c in g  
partia lly  s tab lised  z ircon ia  p o w d e r  by  a co p rec ip ita t io n  process ,  
(T oya  S od a  C o m p a n y ,  1984)
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3.3.2 Pow der M ixing Techniques
M ulti com ponent oxide pow ders are synthesized from  conventional m ixing 
techniques by initially blending together starting m aterials, usually metal oxides and 
carbonates, after which the m ixtures are ground or m illed. Com m inuted pow ders are then 
calcined, som etim es after com paction, and the firing sequence m ay be repeated several 
tim es with interm ediate grinding stages. As for coprecipitation, im purities can be 
in troduced into the ceram ic from the grinding operation; grinding also results in 
angular-shaped pow ders. Several problem s are associated with m ixing powders. High 
tem peratures required for reaction between com ponents can results in loss o f volatile 
oxides, while m illing m ay not com m inute powders sufficiently for com plete reaction to 
occur on calcination. It is d ifficult to obtain reproducible, uniform  distributions o f material 
in ball-m illed pow ders, especially  when one fraction is present in small am ounts as occurs 
in electroceram ics w hose properties are often controlled by grain boundary phases 
contain ing m inor quantities o f additives.
3.3.3 Fusion Route to Ceram ics
Fusion techniques are used for traditional ceram ics such as w indow glass and 
advanced ceram ics such as abrasive grains. These m ethods are lim ited by the m elting 
poin t o f reactants, w hile high tem peratures can lead to loss o f volatile oxides, for exam ple 
PbO , from  the m elt. G lass ceram ics were discovered in 1964 and are polycrystalline 
m aterials m ade by controlled crystallization o f glasses. In these techniques, the reactants 
are m ixed  as pow ders and m elted, after which nucleating agents are added. These prom ote 
nucleation at tem peratures with corresponding viscosities betw een 101 ° - 1011 Pas, which
are usually  about 50K  above the softening tem peratures o f the glass. The tem perature is
<
then raised until crystallisation occurs and the m icrostructure is developed.
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3.3.4 Ceram ic Sintering and Fabrication
Solid  ceram ic bodies are generally produced by using the process o f  pow der 
com paction fo llow ed by firing at high tem perature. S intering or pow der densification 
occurs during  this heat treatm ent and is associated with jo in ing  together o f particles, 
volum e reduction , decrease in porosity and increase in grain size. The aim  o f  these 
techniques is to produce m icrostructures suitable for particular applications. H ence a 
fine-grained distribution is required for strength, controlled grain size is necessary where 
optical properties such as translucency are required.
S intering processes can be sub-divided into three categories. These are:
Solid-sta te sintering:  no liquid is produced at any stage during solid-state sintering. 
All densification is achieved by changes in particle shape and size.
Liquid-phase sintering:  the com position o f the greenbody and the processing 
conditions are such that som e liquid form s. This allows particle rearrangem ent, but 
insufficient liquid  is p roduced  to fill all the greenbody porosity.
Viscous f lo w  sin tering: sufficient liquid is form ed to fill all the green state porosity 
and bind the particles together. This m eans that about 20% o f the greenbody needs to melt.
The ease o f  form ing fully dense m aterials increases with the am ount o f liquid that 
is form ed during sintering. Any liquid that is form ed and not consum ed during processing 
will solidify to form  a grain boundary or m atrix phase. This will preclude the use o f the 
ceram ic at elevated  tem perature since the grain boundary phase will soften leading to 
problem s with creep. Thus, solid-state sintering is the preferred route for the production of 
ceram ics for high tem perature applications. For some m aterials m ost notably silicon 
nitride, so lid-state sintering routes have not been found and these m aterials m ust be 
liquid-phase sintered. V iscous flow sintering is used extensively in the fabrication o f 
traditional ceram ics, F igure 3.6.
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F ig u r e  3 .6  S c h e m a t ic  o f  the  th ree  ty p es  o f  s in ter in g
The solid-state sintering is sub-divided into three stages, the initial stage in which 
the density increases by a few percent, the intermediate stage during which the majority of 
the densification takes place and the final stage corresponding to a slight increase to give 
the final density. There is no clear demarcation between the three stages but certain 
phenomena are associated with each one.
Initial stage: Grain boundaries form between the particles and the neck region 
grows. The sharp re-entrant angles at the points o f contact are rounded off. The start o f 
densification is detected when the centres of the particles begin to approach one another. 
In this stage the ratio o f the radius of the circle o f contact to the particle size is less than
Intermediate stage: The open interconnected porosity decreases significantly and 
with time porosity may become closed (isolated pores) and grain growth may begin.
Final stage: W hen the porosity level is below about 8 %, open porosity becomes 
geom etrically unstable. Isolated pores decrease in volume, the larger ones m ore slowly 
than the sm aller ones which m ight disappear completely. Grains grow and grain boundary 
area decreases. The gas trapped inside porosity will lim it the end density.
0.3.
- 6 8 -
L iquid-phase sintering is a sintering where the densification kinetics are much 
m ore rapid than for solid-state sintering and thus the process is a m ore econom ical way of 
producing  dense products. A lso, it is possible to densify m aterials that cannot be 
solid-state  sintered, such as silicon nitride, since the m ethod includes two stages which are 
not dependent on lattice vacancy concentration, although the final stages o f densification 
still require soild-solid interactions. The m ajor disadvantage is the poor high tem perature 
perform ance o f the product due to the residual grain boundary phase. The m ajority o f the 
densification takes p lace im m ediately after m elting. It is im portant that the liquid is able to 
wet the ceram ic particles to allow them to slide over one another and thus rearrange to a 
denser structure. Further densification occurs as a result o f  the solid pow der dissolving in 
the liquid, under the influence o f pressure at the contact points, and reprecipitating 
elsew here. As the solid pan ic les are brought together the liquid is squeezed out and the 
final stages o f densification occur by solid-solid interactions. On cooling the liquid 
solidifies as film  or m atrix. Conversion o f this phase to crystalline form , as in the 
post-sin ter treatm ent o f sialons. or rem oval o f the liquid prior to solidification are o f 
interest as they will rem ove the m ajor lim itation o f the technique.
T here are various o ther ways o f producing a dense ceram ic which do not involve 
form ing a greenbody and then sintering:
H ot pressing (HP)\ W here the pow der is placed in a m ould and sintered under 
pressure at high tem peratures. This m ethod is used with Si3N4, SiC, AI2O 3, etc. It is best 
suited to m aterial that can be solid-state sintered, since liquid phases would tend to be 
squeezed out causing inhom ogeneities. A pplying pressure increases the driving force for 
densification. The densification kinetics are increased due to particle rearrangem ent and 
particle  flow. Thus it is possible to decrease the sintering time and reduce the sintering 
tem perature, resulting in less grain growth. Hot pressed products have low er levels of 
porosity  than solid-state sintered specim ens which, coupled with the sm aller grain size, 
results in stronger m aterial.
H ot isostatic pressing  (HIP)-, W hile hot pressing is carried out with pressure along
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a single axis, this m ethod uses gas pressure (com m only argon) to obtain isostatic pressure, 
w hich increase greatly the driving force for densification, lowering sintering tem perature 
by 25-30%  and decreasing the need for additives. Recently the effects o f H IP  treatm ent to 
the change in final densities and m icrostructures o f sintered silicon nitride were analysed 
in term s o f the types and am ounts o f sintering additives, and pre-H IP sintering conditions2.
Reaction sin tering/reaction bonding ; Reaction sintering and reaction bonding are 
two term s for a process in which the ceram ic is made at the same tim e as densification is 
occurring. Silicon nitride and silicon carbide can be produced this way. R eaction sintered 
Si3N4 is m ade by heating a greenbody o f silicon pow der in a nitriding atm osphere. The 
follow ing reaction takes place:
3Si(s) + 2 N 2 (g )------►*Si3 N4 (s)
D uring the reaction the com pact increases in weight but the dim ension changes by 
less than 0.1% . The product is never fully dense since open porosity  is required  to 
transport the gas to all parts o f the greenbody to ensure com plete reaction.
3.3.5 Sol-gel Techniques
Sol-gel processing has attracted much interest for the preparation o f powders, 
coatings and cast shapes. The process encourages the intim ate m ixing o f  com ponents, 
p roduces m aterials that are sinter-active, and hence easier to convert to dense products, 
and is versatile in term s o f end product3. Pow ders can be produced, but it is also possible 
to m ake coatings, fibres and m onoliths without the need to m ake a pow der first. The 
words sol-gel refer to the two physico-chem ical states that arise during processing.
The sol can be a true sol i.e. a colloidal dispersion o f a solid phase in a liquid phase 
o r sol can be an abbreviation for solution. Solutions o f m etal-organic com pounds, nam ely 
alkoxides, are frequently  used in sol-gel processing. D uring the sol-gel transition the 
particles or m acrom olecules cross-link and form a structure that im m obilises the
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rem aining solvent. This gives a gelatinous mass, known as a gel. The drying o f the gel is 
crucial in determ ining the m orphology of the end product. For coatings, fibres and 
m onolith ic bodies the gel m ust not break up and factors affecting stress developm ent have 
been m uch discussed3, but for pow der production the gel can be m ore friable. Pow ders can 
also be m ade by peptising an aggregated sol (Figure 3.7).
Sol-gel processing o f  colloids involves the dispersion o f the starting m aterial to 
form  a sol follow ed by the rem oval o f water and/or anions to form a gel. The sol-gel 
transition is usually reversible. The first m ajor application o f sol-gel processing o f colloids 
was the production o f m ixed (T h ,U )0 2 fuels for therm al reactors. A m ore recent 
developm ent is the m anufacture o f Saffil fibres. These are 95 wt% AI2O 3, 5 wt% S i0 2.
M ixing on the m olecular level can be achieved through the sol-gel processing of 
alkoxides, these are m etal-organic com pounds with the general form ula M (O R ) /5 where M 
is a metal ion and R is an alkyl group. Gels are form ed from  solutions o f alkoxides by 
hydrolysis and polym erisation Figure 3.8.
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F ig u r e  3.7 S c h e m a t ic  o f  th e  v a r io u s  so l-ge l  p r o c e s s in g  ro u te s
Initial h y d r o ly s is
M (O R )3 + H 20 -----------------------► M ( O R ) 2O H  + R O H
P o ly m e r is t io n  O H  O H
I I
2 M ( O R ) 2O H  + H 20  -----------------► RO—  M —  O—M — O R  + 2 R O H
MfOf.1(OH)(f+2).g(OR)g ^ ----------------------
F ig u r e  3 .8  T y p ica l  react ion  p a th w a y  for  p r o d u c in g  an a lk o x id e  gel, (Y o ld as
1973)
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3.4 PR E C E R A M IC  PO LY M E R S (PCP)
The special requirem ents o f  preceram ic polym ers are based on the requirem ents 
fo r the specific ceram ic application. H eat engines and sim ilar applications require 
structural ceram ics stable in com bustion atm ospheres above 1200°C’. Exam ination o f the 
therm odynam ic stabilities o f these ceram ic system s is helpful. Currently, m ost ceram ics 
derived from  preceram ic polym ers are silicon-based. C eram ics with varying S i:C :N :0  
ratios can be prepared by processing preceram ic polym ers. A calculation o f the vapour 
pressure o f all species found in Si-C -N -O  system s show ed that N2, CO, and SiO are the 
m ost prevalent species at 1200°C with vapour pressures o f (22.5, 7.5 and 0.0075 mm Hg), 
respectively4. Therefore, for highest therm al stability, the oxygen content o f silicon 
carbide-based ceram ics should be m inim ised, but at the sam e time, a large excess o f free 
carbon should be avoided because ceram ics with high free carbon content have poor 
oxidation resistance. A dditionally, structural ceram ics require high elastic m odulus, and as 
this is a function o f the concentration o f covalent bonds per unit volum e, elastic m odulus 
decreases with increasing oxygen content over carbon. This can be explained in term s o f 
Y oung’S m oduli for SiC, Si3N4 and S i0 2 of 412, 300, 70 GPa respectively. The oxidative 
stability of a series o f ceram ics which were produced by pyrolysis of silsesquiazanes 
[R Si(N H )3/2]x at 1200°C, was examined*. The ceram ics with more than 35-40 wt% free 
carbon oxidized com pletely to silica after 12 hours at 1200°C in air, whereas, those with 
less than 25% carbon content contained only about 2% oxygen after the same heat 
treatm ent. This indicates that a large excess o f carbon should be avoided. Structural 
ceram ics require high elastic m odulus and high flexural strength.
The strength o f ceram ic m aterials is determ ined by the law of brittle fracture 
expressed by the G riffith relationship:
a f = A (yE /c ) U2
where Of is the failure stress, A a Haw shape factor, y the fracture surface energy, E
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Y oung’s m odulus, and c effective size o f the flaw. The size and shape o f flaws determ ine 
the strength and depend on processing; y and E are m aterial-dependent param eters. 
F racture toughness o f  m onolithic ceram ic m aterials is also governed by E and y.
The brittle nature o f ceram ics can be overcom e by form ing a com posite o f ceram ic 
fibres in a ceram ic m atrix6. The ceram ic fibres can be m ade from  preceram ic polym ers. 
The toughness o f ceram ic com posites is controlled by the interaction o f the fibres with the 
m atrix. The com posite derives its toughness from  an energy-absorbing m echanism  
involving the separation o f fibres from  the m atrix prior to fracture. Therefore, it is 
im portant in the design o f ceram ic-fibre precursors to consider the effects o f the ceram ic 
on the m atrix-fibre interface.
The extrem ely high softening point precludes the m oulding o f com plex shapes and 
fibres from  the melt. Sintering aids used to density SiC and Si3N4 pow ders usually 
com prom ise properties such as strength at high tem peratures and oxidation resistance 
because o f the form ation o f low m elting glassy phases at grain boundaries. The process for 
reaction-sin tered silicon carbide ceram ic invariably leaves silicon in the pores o f the Si-C 
body which causes w eakening, especially above the m elting point o f silicon. The 
usefulness o f reaction bonded silicon-nitride ceram ics is lim ited to thin parts because thick 
sections o f these ceram ics are plagued by porosity; furtherm ore, the nitriding cycle takes 
several days to a week for com pletion. High tem perature ceram ic coatings may prolong 
the life o f engineering system s, but m atching o f thermal expansion, adhesion and surface 
stresses between the coating and the substrate need to be resolved first.
Because o f these difficulties, attention is focusing on new chem ical routes 
em ploying organom etallic and inorganic polym ers as precursors. Controlled pyrolysis of 
these polym ers has revealed several prom ising directions such as form ation o f fibres, 
ultra-fine pow ders, thin films and layer structures, and high strength, light weight 
m onolithics and com posites7,8.
The route illustrated in Figure 3.9 is sim ilar to the controlled pyrolysis o f organic 
polym ers such as polyacrylonitrile to produce carbon fibres. O rganom etallic preceram ic
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polym ers offer several w ays to overcom e the fundam ental problem s o f  shaping ceramics: 
traditional low tem perature processing techniques are used to form com plex shapes such 
as fibres and yarns; fabricated shapes are converted to ceram ic form s at low er 
tem peratures than those o f  traditional ceram ic processing. This is possible because the 
G ibbs free energy o f form ation o f organom etallic com pounds is favourable. Pure starting 
m aterials and assured hom ogeneous m ixing im prove the uniform ity and reliability  o f the 
final product. N ovel ceram ic alloys w ith a wide range o f properties are conceivable 
because the organom etallic starting m aterials are m ixed at the atom ic level. A dditives, 
such as sintering aids, m ay be more effective when they are part o f the precursor polym er.
R elatively little is known o f the chemical processes by which polym ers are 
converted  to ceram ics. IR, therm al gravim etric analysis (TGA), and x-ray data have been 
used to study the gross features o f the conversion process in some cases9, but generally 
spectroscopic investigations have been limited. Considering the com plex polym er 
structures that serve as precursors, and even m ore com plex, am orphous, intractable 
structures that are interm ediates in the pyrolysis process, it is clear that m echanistic 
studies pose a form idable challenge. Despite a lack o f detailed chem ical know ledge, the 
production o f silicon-based ceram ics via a polym er pyrolysis route has been 
com m ercialised. High ceram ic yield is needed for low shrinkage upon pyrolysis and for 
m inim um  cost. For fibre spinning or other shaping operations, the polym er m ust be 
tractable, i.e. m oderate softening tem perature or solvent solubility. The polym er must 
undergo cross-linking reactions after it is shaped to avoid deform ation during pyrolysis. In 
general branched-ring (polycyclic or cage) polym ers with low m olecular w eight provide 
the desired tractability  and favourable pyrolysis with high ceram ic yield. M ost effective 
silicon-based preceram ic polym ers developed thus far are in this category. For high 
quality  ceram ic fibres with high m echanical strength, high polym er purity and  lack o f 
spinning-induced im perfections are essential.
Organosilicon
intermediates



































O rganosilicon -derived  ceram ic  fib re  and  com posite  m ain  rou tes  to 
silicon ca rb id e
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3.4.1 Silicon-Carbon Ceramic Precursors
Tw o classes o f organosilicon polym ers can be converted into silicon carbide (SiC) 
ceram ics by appropriate therm al treatm ent10. Their generic names are polycarbosilanes 
and polycarbosiloxanes (see chapter 1). The structural backbone o f polycarbosilanes 
contain chains o f silicon and carbon and is represented  sim ply by the structure -Si-C-Si. 
T he polycarbosiloxanes also contain oxygen, but the term inals o f the polym er are hindered 
by the introduction o f suitable siloxane and/or organic group.
The actual chem ical structure, the m olecular sizes and the m olecular size 
distribution o f the organosilicon polym ers are determ ined by the chem ical nature o f the 
starting com pounds and the processing param eters. Both classes o f organosilicon 
polym ers can produce SiC on therm al treatm ent in an inert atm osphere. Polycarbosilanes 
produce am orphous SiC at approxim ately 800°C or less depend on the therm al history of 
the m aterials, and subsequently crystalline SiC at h igher tem perature. On the o ther hand, 
the SiC from  polycarbosiloxanes11 rem ains am orphous up to about 1500°C and com pletely 
converts to crystalline SiC at about 1700°C12.
The rheological properties o f polycarbosilane and its pyrolytic behaviour which 
determ ine its usefulness as a binder can be related to m olecular structure and m olecular 
w eight distribution. Therefore, an understanding o f chem ical nature and pyrolytic 
behaviour is im portant in designing the plan o f investigations. The pyrolytic conversion of 
polycarbosilane and polycarbosiloxane into SiC ceram ics is not a sim ple process. The 
com plexities arise m ainly as a result o f sim ultaneous polym erisation, decom position and 
degradation reactions. Some stud ies13 have reported on the pyrolytic conversion o f the 
polycarbosilane to produce SiC, but the m echanism  o f polym er pyrolysis has not been 
clearly  understood.
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T he convertion o f  polysilane polym ers to silicon carbide is based on
perm ethylpolysilanes14, derived from  readily available (CH 3)2SiCl2; this process was 
com m ercialised  in Japan by the N ippon Carbon Co Ltd. to produce high strength silicon 
carbide fibre. Therm al decom position o f linear perm ethylpolysilanes, o r the cyclic
[(C H 3)2Si]6, in an autoclave at 450-470°C yields a polycarbosilane8. A 3-5%
polyborodiphenylsiloxane catalyst allows this process to proceed at low er tem peratures 
and atm ospheric pressure1*. The polycarbosilanes obtained were purified by solvent 
extraction to rem ove high m olecular weight fractions follow ed by therm al treatm ent to 
rem ove low m olecular w eight species. The purified polycarbosilanes produced with a 
50-60 wt%  yield are yellow ish-brow n glassy solids with an average Mn o f 1000-2000. 
They are soluble in com m on organic solvents and suitable for m elt spinning into fine 
(10-20 pm  diam eter) fibres. Small am ounts o f (C 6H 5)2SiCl2 added to (C H 3)2SiCl2 
facilitate  the spinning o f  polycarbosilane, producing fibres with im proved m echanical 
strength16. A m odification o f  polycarbosilane was reported that contained phenyl pendant 
groups in the po lym er chain13. This was effected  through the use o f
phenylm ethyldichlorosilane as a com onom er with M e2SiC l2:
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Na in toluene
M e,S iC U  + PhM eSiC lj  -------------------------► <[Me2 Si]x[PhM eSi]y}
2  > 100°C
polysilastyrene
The structure o f  polycarbosilane has been studied in detail by NM R (/H , 13C and 
29Si), IR, UV spectra, and intrinsic viscosity m easurem ents; these studies support a p lanar 
structure contain ing both linear and ring segm ents17.
H eating polycarbosilanes in vacuum  to 550°C volatilizes low er m olecular w eight 
species and increases the m olecular w eight o f  the residue with the evolution o f H 2 and 
C H 4. Further heating to 80()WC converts the organic polym er to an inorganic structure. The 
largest volum e o f gas (H2, CH4) is evolved betw een 600 and 800°C with the form ation o f 
netw ork and three-dim ensional structu res18. A t 800°C the m aterial becom es alm ost black. 
L ittle gas evolution occurs between 800 and 1100°C, and the m aterial is essentially 
am orphous. The gas evolved between 1 100 and 1200°C is hydrogen, and x-ray diffraction 
show s the am orphous product changing to crystalline (3-SiC18. The elem ental com position 
o f  the pyrolysed polycarbosilanes at 1300°C shows the nonstoichiom etric nature o f the 
ceram ic with oxygen and excess carbon.
The carbosilane resulting from therm olysis o f the copolym er, designed to contain a 
small percentage o f (C 6H5)SiM e groups, was shown to have better spinnability than 
polycarbosilane so that precursor fibres o f low er d iam eter were obtained. SiC fibres o f 
higher strength and Young's m odulus resulted upon pyrolysis o f polysilastyrene, this 
po lym er is photoreactive and undergoes chain scission when its solution or solid sam ples 
are exposed in air to UV radiation. Exposure o f solid polysilastyrene to uv in an inert 
atm osphere results in cross-linking which increases rigidity, infusibility, and insolubility 
in organic so lven ts19. The cross-linked polym er was converted to SiC by pyrolysis at 
10°C/m in in therm ogravim etric analyser; char yield at 800°C is 30% (theoretical 45% )20.
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Fibres can be hand-draw n from  m olten polysilastyrene with a softening point o f 
200°C. These fibres are cross-linked by uv radiation in a nitrogen atm osphere and 
pyrolysed in a vacuum  furnace by slow ly heating to 1100°C and holding at this 
tem perature for 30 m inutes. The ceram ic fibres retain their shape, but contract in length 
by 40% ; the char yield in this experim ent is only 15%. X-ray diffraction indicates these 
glossy black fibres to be am orphous: scanning electron m icroscopy (SEM ) revealed 
hollow  fibres, suggesting only surface cross-linking20. Prolonged uv exposure, how ever, 
produces a fully cross-linked fibre. W ith recognition o f the im portance o f cross-linking for 
ceram ic fibre production and other applications, several new polysilanes with different 
functionalities have been synthesized21,22. These functionalities undergo catalytic, 
therm al, oxidative, or photochem ical cross-linking.
M ethylphenylpolysilanes are used to strengthen Si3N4 ceram ics. The ceram ic body 
is soaked in the polym er and pyrolysed again, resulting in the form ation o f SiC in the 
pores o f Si3N4 and increased strength23. Branched polym ethylsilanes, useful as binders o f 
inorganic heat-resistant m aterials, are prepared by treating m ethylchlorodisilanes with 
m ethyl G rignard reagent to increase the m ethyl content and reduced the chlorine content; 
subsequent heating with an alkali m etal gives polysilanes. The structure and extent o f 
cross-linking is determ ined by the Si-Cl content o f the disilane.
Schilling et al24 focused on branched polycarbosilane preceram ic polym ers with 
the preparation o f tractable solid polycarbosilanes via the potassium  dechlorination o f 
m ixtures o f vinylm ethylchlorosilanes or m ethyltrichlorosilane with o ther silane 
m onom ers. A com parison  o f SiC yields from  sim ilar linear and branched polycarbosilane 
is illum inating. Thus, the potassium  dechlorination o f C lC P b S iN ^ C l yields in T H F a
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Heating
-------------- ► SiC + C 6 H 6  + C H 4  + H 2  + C
800°C
linear polym er, w hich upon pyrolysis gives a negligible yield o f SiC. In contrast, when 
C lC H 2SiM e2Cl is copolym erised with M eSiC l3, the resulting branched polycarbosilane is 
an effective SiC precursor, yielding 30% SiC on unconfined pyrolysis:
K, T H F  1200°C
CICH 2 SiM e2Cl ---------------► (CH 2 SiM e2)n  ► trace SiC
K, T H F
CIC H 2 SiM e2Cl + MeSiCI3  ---------------► (CH 2 SiM e 2 )n(MeSi)m
1200°C p_s iC  (3 0 %)
Sim ilarly, M e2SiC l2 reacts with vinyltrim ethylsilane to give linear polym er. The 
linear polym er, [C H 2CH (SiM e3)S iM e2Jn produces SiC in negligible quantities on 
pyrolysis. H ow ever, when trifunctional M eSiC l3 was substituted for difunctional 
M e2SiCl2, the resultant branched polym er gave a 40%  yield o f SiC:
K TH F
M e 2 SiCl2  + C H 2 =C H SiM e 3  ! ► [CH 2 CH (SiM e3 )SiM e2]n
1200°C , c .^--------------► trace SiC
K, TH F
2M eSiC !3 + 3 C H 2 =C H SiM e 3  --------------- ► [CH 2 CH(SiM e3 )]n(M eSi)m
12Q0°C „  P-SIC
P olycarbosilanes can be m elt-spun into continuous fibres at 250-350°C. The fibre 
is cross-link  by oxidation o f Si-H structures by heating (1 10-190°C) in air and pyrolysed 
to 1100-1200°C under N 2 or vacuum  to black SiC fibres8. Pyrolysis in am m onia gives 
colourless fibres close to the com position o f silicon oxynitride2*'. Form ation o f Si3N4 
w hiskers by pyro lyzing  polycarbosilane in an am m onia atm osphere has also been 
cla im ed26. A m m onia plays a key role in elim inating organic groups from  the 
polycarbosilane.
SiC fibre from  polycarbosilanes (Nicalon fibres) 10-20 pm diam eter, has excellent
-81-
tensile strength o f 2500-3300 MPa and elastic or Y oung’s m odulus o f 180-200 GPa; these 
properties are retained above 1000°C. It resists acid and alkali attack and oxidation. Yield 
and chem ical nature o f the ceram ic produced from  Nicalon precursor depend on the 
pressure and the atm osphere o f the pyrolysis27. The m echanical properties o f SiC fibres 
rem ain essentially  unchanged upon neutron irradiation. The chem ical structure, 
m icrostructure, and m orphology of Nicalon fibres have recently been studied in detail by 
elem ental analysis, x-ray diffraction, IR, Raman, 29Si NM R, and electron spectroscopy for 
chem ical analysis28. The elem ental com position indicates both oxygen and excess carbon. 
A trace o f nitrogen was probably acquired during processing under nitrogen. Nicalon fibre 
is an am orphous silicon oxycarbide containing 30-35 vol% of silicon carbide as 
m icrocrystalline (3-SiC. The covalent chem ical bonding in Nicalon fibre approaches a 
random  distribution, i.e. silicon atom s are linked together through carbon and oxygen in 
random  fashion. This is supported by a 29Si NM R study which shows five signals 
corresponding to SiC4, SiCsO, SiC jC^, SiC0 3 , and S i0 4 bondings. The excess carbon, 
according to a Ram an study, is present as graphitic m icrocrystallites, which are em bedded 
in a continuous glassy phase and thus not exposed to oxidation. This m ay explain the high 
oxidation resistance o f Nicalon fibre in spite o f the excess carbon content28. Above 
1200°C in vacuum , helium , or argon, coarse SiC grains crystallize with the loss o f CO, 
SiO  and N2 (if present). This reduces the tensile strength o f the ceram ic fibres29. In 
addition to the excellent m echanical properties and high oxidation and chemical 
resistance, N icalon fibre is easily wet by liquid resins and m etals at tem peratures used to 
m ake com posite m aterials. Thus Nicalon fibres are used to reinforce plastics, m etals30, 
g lass31,32, oxides33 and nonoxide ceram ics34 m atrices to form  high perform ance com posite 
m aterials. Polycarbosilanes are also used to synthesize sinterable (3-SiC pow ders16, flaky 
p-S iC 35 and dense sintered SiC bodies36. These polym ers serve as sintering aids and 
binders for SiC  and Si2N4 pow ders to produce sintered m ouldings with high strength and 
oxidation resistance. These m ouldings can be fu rther densified and strengthened by 
im pregnation with m ore polycarbosilanes and refiring. O ther uses include high
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perform ance SiC  coatings and as reactive binders for Fe-13Cr alloy pow ders to produce an 
oxidation-resistance sintered com posite.
3.4.2 Silicon-Nitrogen Ceramic Precursors
Less work has been reported on the synthesis and characterisation o f Si-N 
back-bone polym ers com pared to their Si-C  analogues. An im portant reason for this is the 
lability o f the Si-N bond with respect to the reaction with atm ospheric m oisture.
I I  I '
— Si — N + H 20 -------------- ► - S i  — O H  + H - N
I I  I '
Such reactivity  brings about obvious handling difficulties and results in oxygen 
incoiporation in the polym er, which leads to the form ation o f S i0 2 on pyrolysis. A lthough 
this expected reactiv ity  is found for a num ber o f Si-N polym ers, some m aterials display 
surpringly high hydrolytic stability. This feature m ay prom pt a growth o f interest in this 
area. Polym ers contain ing a predom inantly Si-N m icrostructure have been known for 
m any years, but as for Si-C polym ers it is only recently  that Si-N polym ers have been 
prepared with a view  to conversion to ceram ic m aterials. The reaction o f  am m onia with 
silicon tetrachloride produces insoluble, cross-linked silicon diim ide, S i(N H )237, which is 
the basis o f the com m ercial process developed by Ube Industries Ltd. for the preparation 
o f silicon nitride pow ders. A lso one other im portant silicon nitride precursor is form ed by 
treating d ichlorosilane with am m onia in an organic solvent38, with benzene as solvent. 
U nstable polym ers are produced in benzene which gelled within a few hours at room  
tem perature. Reaction in m ore polar solvents such as chlorom ethane and ether produced 
polym ers stable up to 3 days at room tem perature. Preparation in heptane or pyridine gives 
m ore stable w et-spinnable polym ers39.
solvent
H 2 SiCI2  + N H 3  ► (H2 S iN H )x + N H 4CI
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Pyrolysis at 1200°C o f the gelled polym er obtained from polar solvents gave 69% 
char yield. T herm ogravim etric  analysis (TGA) showed that most o f the weight loss 
occurred by 450°C; m ass spectral analysis o f the pyrolysis gases revealed that amm onia 
was the prim ary gas evolved  up to 400°C. A bove 400°C  (H 3Si)2NH was produced, giving 
evidence for sign ificant Si-H /Si-N  bond redistribution. X-ray pow der patterns for the 
polym er pyrolysed at 1150°C revealed the presence o f a -  and (3-Si3N4 as well as elemental 
silicon. The polym er w as investigated as an infiltrate for ceram ic matrix com posites40.
T reatm ent o f m ethyltrichlorosilane with am m onia in m ethylene chloride gives 
m ethylsilsesquiazanes. T he am m onium  chloride is filtered and leaves a m ethylene 
chloride solution o f  m ethylsilsesquiazanes, which are presum ably polycyclic moieties 
term inated with S iN H 2. Pyrolysis o f the resultant fibre at 1200°C in nitrogen for 3 hours 
produces an am orphous ceram ic fibre. This fibre contains approxim ately 50% silicon 
nitride and 50%  silicon carbide, and has a tensile strength o f up to 115 MPa and an elastic 
m odulus o f 10 G Pa. In a sim ilar fashion, phenyltrichlorosilane treated with am m onia 
produces phenylsilsesquiazane which is dry spun with the aid o f polystyrene into 15 
|im -diam eter fibres and pyrolysed at 1200°C in nitrogen. The fibres contain 35% silicon 
carbide, 35% silicon nitride and 30% carbon. The yield o f tractable polym er was 
significantly influenced by the size o f the R group41.
A preceram ic polym er can also be prepared by am m onolysis o f M eSi(H )Cl2, 
follow ed by polym erisation  o f the resulting cyclic silazanes catalysed by potassium  
hydride42.
N H 3
CH 3 HSiCI2  ---------- ► [CH 3 H SiN H ] 3 _4 + N H 4 C1
- h 2 KH
[CH 3 HSiNH]a[CH 3 SiN ]b
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Cyclic and linear silazanes are produced in the first step; the average m olecular 
weight is about 300. Pyrolysis of this m ixture gives a low ceramic yield. Strong bases that 
deprotonate S iN H S i structures catalyse the second step. Hydrogen is lost with the 
form ation o f trifunctional SiN3 and S i3N moieties. The catalysts were destroyed by 
addition o f methyl iodide. The m olecular weight increases to 1180 during the second step. 
The em pirical form ula o f fCH3S i(H )N H l039[CH3S i(H )N C H 3]0 o4fCH3Si(H)N]o.75 is 
suggested, and based on elemental analysis and ]H NMR evidence, the following structure 
has been proposed:
The ceram ic yield from TGA analysis at 1000°C in nitrogen is ca 80-85%. 
Pyrolysis in nitrogen at 1400°C produces methane, hydrogen and traces of ammonia. The 
resulting char shows only broad x-ray diffraction peaks for Si3N4; chem ical analysis 
indicates S iLoNo.g8Co.5 0 0.o439.
M e H H M e H H
\  I I Me \  |
N —
| \  M e | | \
H H M e H H M e
Heating m ethylchlorodisilanes with hexam ethyldisilazane gives 
m ethylpolydisilylazanes through Si-Cl/Si-N redistribution 43:
M e M e
M e2CISiSiCl2M e + 2[M e3Si]2NH Si — S i  NH + 3M e3SiCI
M e N H SiM e3
These polym erisation are more complex than this simple reaction indicates. The 
analysis o f the early stages shows that the reaction proceeds first by Si-Cl/Si-N exchange:
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1 1  I I
- S i  S i  Cl + [M e 3 Si]2NH ---------------►  S i  S i  N H SiM e 3  + Me3SiCI
fo llow ed by condensation o f chlorosilanes w ith trim ethylsilyam inosilanes:
I I  I I
►  S i  S i  NH— S i  S i -
+ Me3SiCl
As the tem perature is increased during polym erisation, trim ethylsilyam ino groups 
condense to form  hexam ethyldisilazane:
2 —Si  Si  NHSiMe3 --------------► =  S‘___ S i ----- NH— Si ------Si =  + [Me3Si]2NH
I I  I I
Infrared analysis revealed residual SiCl, even up to 230°C, and indicated that 
S iC H 2Si and S i3N m oieties are generated at the higher polym erisation tem peratures.
3.4.3 Boron-Containing Ceramics
The search for suitable low tem perature po lym er synthesis and fabrication routes 
to high technology ceram ics o f boron, alum inium , and a few transition m etals is showing 
som e prom ise44. B oron-containing system s provide one o f the im portant routes and are 
related to this w ork in which the role o f boron was studied. Polvborophenylsiloxanes (M n 
= 500-1000) are prepared by the polycondensation o f boric acid or trim ethylborate with 
phenylsilanes43. A resinous product was thus obtained by heating boric acid with Ph2SiCl2
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I I I I
Si  Si  NHSiMe3 +  si  S i  Cl
I I  I I
in butyl e ther at 100°C for 18 hours under nitrogen, follow ed by heating at 300°C for 1 
hour under reduced p ressu re46. Infrared analysis reveals the - l P h 2Si0 B (0 )2J-- structural 
unit. The polym er is m ore stable to hydrolysis than an analogous polym er prepared with 
M e2SiC l247. Pyrolysis o f  the resinous product in nitrogen at 1000°C gives an am orphous 
ceram ic (46% char yield, Sij_0C2.47B0 3 gO0.57H0.34N0.01). which upon further heating to 
1700°C in argon yields m ainly [3-SiC, glassy carbon, and some B4C46. The ease o f 
handling polyborodiphenylsiloxanes and their capability  o f conversion to predom inately 
(3-SiC m akes these polym ers useful as binders for SiC and Si3N448, where there is no 
d im ensional change on sintering. A lso these polym ers are useful for jo in ing  SiC bodies49. 
T he polym er solutions were made highly viscous by evaporating the solvent and were then 
applied to the polished  surfaces o f two SiC bodies as a layer ( 1mm thick). The SiC bodies 
w ere then pressed firm ly together, so that the bonding agent was sandw iched between 
them  and heated to 1500°C at 100°C/h in an nitrogen stream , without hot-pressing. A fter a 
holding period o f 1 hour, they were cooled gradually to room tem perature. The jo in t 
strength was m easured in three-point bending at room tem perature with a testing m achine 
which shows superior to carbon polymer. As a catalyst, the polym er allows 
polycarbosilane synthesis at lower tem peratures and atm ospheric pressure.
C arborane-siloxane polym ers were developed as a high tem perature substitute for 
polydialkyl(ary l)siloxanes because o f their appreciable resistance to depolym erisation. 
D exsil po lym er has the fo llow ing structure:
Ph Me Me
[ S i  —  O — Si —  C— r — ' 1
Ph Me B 1 0 H 1 0  M e
Pyrolysis at atm ospheric pressure under an inert atm osphere yields a ternary 
ceram ic consisting  o f SiC, B4C and S i0 213. The bulky carborane rings prom ote 
cross-linking, resulting  in a high ceram ic yield o f 60%.
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C H A P T E R  F O U R
SYNTHESIS OF LINEAR AND CYCLIC H ETERO SILO XAN ES
4.1 SUMMARY
This chapter contains details o f  the experim ental procedures used for the 
preparative chem istry carried out in this study. A series o f  cyclic heterosiloxanes 
[RB(OSiR*2)OJ2 and RB [(0SiR*2)20 ] ,  (R» R*= M e or Ph) containing 8- and 6-m em bered 
rings respectively, have been synthesised by the reaction o f RB(O H )2 with 
diphenylsilandiol or 1,1,3,3-tetraphenyl(tetram ethyl)-1,3-dihydroxy-1,3-disiloxane. Linear 
borosiloxanes RB (O SiPhnH 3.n)2; (R = Ph, M e); n= 2 or 3 and B(O SiPh3)3 were prepared 
by the reaction o f B(O M e)3, PhB (O H )2 o r M eB (O H )2 with triphenylsilanol or 
d iphenylchlorosilane. A  boron-containing silsesquioxane { |(c-C 6H n )7Si70 12B]2}. has 
been synthesised by the reaction o f |(c -C 6H n )7Si70 9 (0 H)3 | with BI3. The cyclic 
heterosilazane Me2S i|N H B C 6H5 |2NH was isolated from the reaction o f 
1,1,3,3,5,5-hexam ethylsilazane with PhBCl2.
These com pounds have in general been characterised by a com bination o f 
techniques including 1H, 13C and 29Si nuclear m agnetic resonance, infrared spectroscopy, 
elem entalm icro  analysis and m ass spectrom etry. X-ray crystal structure determ inations of 
Ph2(H O )SiO SiPh2O Si(O H )Ph2, (c-C6H n )6Si60 9, PhB (O SiPh3)2 and M e2Si(N H BPh)2NH 
have been carried out by Dr. Mahon in the school of Chem istry University o f Bath, and 
are discribed in the next chapter.
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4.2 SY N T H E T IC  PR O C ED U R E S
4.2.1 Preparation o f  Silanols
Preparation ofTetramethyldisiloxane-l,3-diol (Compound 1)
T etram ethy ld isiloxane-l,3 -d io l was prepared by a m odification o f a literature 
m ethod1. T o  0.1 m ole, (29.6g) o f octam ethylcyclotetrasiloxane was added 0.4 m ole, (32g) 
o f  50%  aqueous NaO H. A fter adding approxim ately 25 ml o f m ethanol, the m ixture was 
stirred and gradually heated to boiling. M ore m ethanol was added in sm all am ounts during 
this tim e until the reaction m ixture becam e hom ogeneous. A fter cooling w ater suction was 
applied to rem ove the solvent and any uncom bined water. The rem aining pow dery solid 
represented essentially a quantitative yield o f N a0(M e2S i0)2N a.5H 20 .  This salt, (0.16 
m ole, 50g) was added in pow der form in small portions to a stirred m ixture o f diethyl 
e ther (500 ml) and glacial acetic acid (0.33 mole, 20g). As the added salt dissolved, a 
precipitate o f  sodium  acetate form ed. pH paper was used to follow  the course o f the 
reaction to the neutral point. The solids were filtered and the filtrate concentrated under 
w ater vacuum . This gave a m ixture o f  an oil and needle-like crystals (18g), from  which 
the oil was rem oved by washing with petroleum  ether (20 ml). Crystals of 
tetram ethyld isiloxane-l,3 -d io l rem ained (12.8g). 44% ; m.p 64°C. A nalysis, found
(calculated for C 4H 14Si20 3 ): C 28.9(28.8); H 8.33(8.2)% ; ]H NM R spectrum  5(CDC13): 
0.151-0.188m  (12H, M e), 4.40s (2H, OH); 29Si NM R spectrum: -10.52ppm .
M ethanol
[(CH3)2SiO ]4 ► N a 0 (M e 2S i 0 ) 2N a.5H 20






P reparation o f  Tetraphenylclisiloxane-] ,3-diol (C om pound 2) and  
H exaphenyltrisiloxane-] ,5-diol (C om pound 3)
D ichlorodiphenylsilane (0.15 m ole, 37.9g) was added dropw ise at room 
tem perature over a 45 m inute period to a stirred m ixture o f am m onium  carbonate (0.21 
m ole, 20.1g), diethyl ether (150 ml), and water (0.15 m ole, 2.7g). The m ixture was then 
heated under reflux for 12  hours, cooled and then stirred with 1 0 0  ml water and the 
ethereal phase separated, dried overnight using anhydrous sodium  sulphate, and 
evaporated to dryness. Extraction o f the residue several tim es by cold benzene (40 ml) 
(CARE) left pure Ph2S i(O H )2 (8.1g), 25%: m.p 13()°C, Analysis, found (calculated for 
C 12H 12Si0 2 ): C 66.7(66.8): H 5.52(5.35)% . O ligom eric silanols and cyclic siloxanes, were 
recovered on evaporation o f the com bined extracts. W ashing this residue successively 
with a 1:5 and a 1:1 benzene/petroleum  ether (80-100°C) m ixture (120 ml) yielded crude 
tetraphenyld isiloxane-l,3 -d io l, which was recrystallised from 5:1 benzene/petroleum  ether 
m ixture to yield the pure product, (8.3g); m.p 108°C. Fractional crystallisation o f the 
com bined extracts yielded hexaphenyltrisiloxane-l,5-diol which was finally recrystallised 
from  1:1 benzene/petroleum  ether m ixture to give the pure product.
T etraphenyld isiloxane-l,3 -d io l: Analysis, found (calculated for C24H 22Si20 3 ): C
69.5 (69.8); H  5.3 (5.3)% . 'H  NM R spectrum  8(CDC13): 4.10s (2H, vbr, -OH), 7.20-7.56m  
(20H , -C 6H 5); 29Si NM R spectrum : -36.04ppm ; M ass spectral data (70eV  E.I, m l2): 414 
(M +), 337 (M -Ph), 319 (M -P h -H ,0 ).
H exaphenyltrisiloxane-l,5 -d io l: Analysis, found (calculated for C 3(,H32Si30 4 ): C
70.6 (70.4); H 5.22 (5.26)% . 'H  NM R spectrum  8(CDC13): 5.42s (2H, brs, OH ), 
7 .20-7 .56m  (30H, -C^Hs); 29Si NM R spectrum: -36.5, -44.0ppm ; M ass spectral data (C.I, 
m /z): 594 (cyclo-Ph6Si30 3), 517 (M +-Ph-H 20 ) ,  437 (M +-Ph-H 20-P hH ).
A cube shaped crystal o f approxim ate dim ensions 0.25 x 0.25 x 0.35 mm was 
selected for data collection.
crystal data: C 36H 32Si3 0 4, Mr = 612.8 triclinic, space group P\, a = 9.934(3), b =
-93-
13.299(3), c  =  14.4,59(4) A. <x = 65.92(2), p = 82.95(3), y  =73.16(3)°, U= 1669.2 A 3, Z  = 2 , 
D x = 1.23 gem '3, M o-K a , X = 0 .71069 A, n (M o-K a) = 1.40cm '1, F(000) = 644. D ata were 
m easured  at room  tem perature on a H ilger and W atts Y290 four-circle diffractom eter in 
the  range o f  2  < © < 2 2 ° using (0 - 2 0  scans, covering the range h - 10  0 , k-13 —» 13, /-14
—» 14. Cell d im ensions w ere based on 12 accurately centered reflections with 14 < 0  < 
17°. 4382 R eflections were collected o f which 2186 were unique and observed with I  > 
3(5(1). A  standard reflection m easured after every 50 reflections show ed no system atic 
crystal decay throughout data collection. Data were corrected for Lorentz and polarization 
effects but not for absorption. The structure was solved by conventional Patterson m ethods 
and refined  using full m atrix least squares based on F, using the SH ELX  suite o f 
program s2,3. A tom ic scattering factors were taken from  the International Tables fo r  X-ray  
C rystallography*. In the final least squares cycles the silicon and oxygen atom s along with 
those carbons which exhibited high isotropic therm al param eters in the penultim ate least 
squares refinem ent (C4_6 8.]2i 21-21, 27-29, anc* 32-36) were treated anisotropically. A ll other 
atom s were treated isotropically. The hydrogen atom , H4, was located and refined at a 
fixed  distance o f  1.03 A from 0 4, with its isotropic therm al param eter fixed at 0.05 A2. 
The rem aining hydrogen were included at calculated positions (C-H: 1.08 A) with a 
com m on, fixed therm al param eter (U  = 0.05 A). Final residuals after 10  cycles o f least 
squares were R = Rw= 0.0657 for unit weights. Max. final shift was 0.012. The max. and 
m in. residual densities were 0.14 and -0.12 eA '3 respectively. Tables o f fractional atom ic 
coordinates and therm al param eters, anisotropic tem perature factors, bond lengths and 
angles and intram olecular and in term olecular d istances are available as supplem entary 
data in A ppendix  III.
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diethyl-ether
Ph2SiCl2 + (NH4 )2 C 0 3 ----------------------► Ph2Si(OH) 2  + Ph2Si ^ S iP h 2 + cyclicsiloxanes
H7O I I (D3 ,D4)
OH OH
1 Ph
^ ° \ l.+ Ph2Si Si ^ S i  Ph2
1 1 1
OH Ph OH
P reparation o f  Cyclotriphenylboraxine (Com pound 4)
Phenylboronic acid (0.01 mole, 1.22g) was heated in refluxing sodium -dried 
benzene (CA R E), (25 ml) for 5 hours. W ater form ed during the course o f the reaction was 
rem oved using a Dean and Stark apparatus, and the reaction m ixture was then allow ed to 
cool to room  tem perature and solid residue rem oved by filtration. The solvent was 
rem oved from  the filtrate under water vacuum and the residue recrystallised  from  diethyl 
ether to yield cyclotriphenylboraxine (0.75g, 73% ); m.p 206°C. A nalysis, found 
(calculated for C 18H 15B30 3): C 69.9(69.0); H 4.8(4.7)% . ]H NM R spectrum  5(CDC13): 
7 .49-7 .63m  (9H, m,/?-C6H 5B), 8.23-8.26m  (6 H, o-C 6H 5B); M ass spectral data (70eV  E.J, 
m/z): 312 (M +), 208 (M -PhBO ), 104 (M -2PhBO).
4.2.2 Preparation of Siisesquioxanes
Preparation o f  -1,3-D icyclohexyI disiloxane-tetraol (C om pound 5)
This com pound was prepared by a m odification o f a literature m ethod5. 
C yclohexyltrichlorosilane (0.6 m ole, 13g) was dissolved in acetone (50 m l) and the 
solution added dropw ise to cold w ater (600 ml). A fter 4 days at room  tem perature, 
filtration gave 1,3-dicyclohexyl-disiloxane-tetraol (6.5g, 71% ); m .p 205°C . A nalysis, 
found (calculated for C 12H 26Si20 3): C 47.3(47.0); H 8 .8(3.5)% . ]H NM R spectrum  
5(CDC13): 0 .7 3 s  (2H, c-C 6H n ), 1.22s (10H, c-C 6H n ), 1.71-1.78d (10H, c-C 6H n ), 4.41br 




SiC6 Hu -cyclo 
I
OH
P reparation o f  H exacyclohexyl-hexasiloxane (C om pound 6) and 
H eptacyclohexyl-heptasiloxane-1,3,7-triol (C om pound 7)
In a rem arkable reaction first reported by Brown and Vogt5 in 1965, the trisilanol 
above is prepared by the hydrolytic condensation o f cyclohexayltrichlorosilane 
(c-C 6H n SiCl3) in aqueous acetone. C yclohexyltrichlorosilane (0.11 m ole, 25g) was 
dissolved in acetone (500 ml), water (125 m l) was added, and the m ixture was allowed to 
stand for 4 m onths. The crystalline precipitate was filtered, rinsed with acetone, and dried 
to give 2.3g o f an approxim ately 2:1 heptacyclohexyl-heptasiloxane-l,6 ,7-trio l and 
hexacyclohexyl-hexasiloxane m ixture respectively. The later com pound was isolated from 
this m ixture by treatm ent with pyridine6. The reaction m ixture was stirred with 5 tim es its 
w eight o f pyridine for 30 m inutes. The insoluble hexam er was collected, w ashed with a 
sm all am ount o f pyridine, and dried overnight at 25°C in a fum e hood. Recrystallization 
from  boiling chloroform  afforded pure com pound 6  (1.4g, 10%); m.p 251°C. Analysis, 
found (calculated for C36H 66Si60 9): C 53.2(53.2): H 8 .4(8.2); I.R spectrum: 1049 cm ' 1 
(Si-O-Si). ]H NM R spectrum  5(CDC13): 0.83m  (6 H, vbr, c-C 6H n ) 1.26-1.30m (24H, vbr, 
c-C 6H n ) 1.73-1.77m  (36H, vbr, c -C 6H n ); 13C NM R spectrum: 27.3s, 26.6s, 26.1s (2:1:2 
for CH 2), 2 2 .6 s  (CH); 29Si NM R spectrum : -56.5ppm . M ass spectral data (70 eV  E .I, m/z): 
811 (M +), 729 (M -C 6H t l ).
A crystal o f approxim ate dim ensions 0.3 x 0.3 x 0.4 mm was used for data 
collection for the structure determ ination. These were form ed recrystallisation o f O .lg of 
com pound 6  from  chloroform  ( 1 0  ml).
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CH3 COCH3
cyclo-C6 Hn SiCl3  ------------------- ►
H ,0
cyclo-C6 Hn Si
crystal data: C36H 66Si60 9 , M = 811.4 m onoclinic, a = 10.810(1), b = 18.756(3), c = 
21.424(3) A, |3 = 93.78(2)°, U = 4334.5 A 3, space group P I J n, Z = 4, D c = 1.24 gem '3, 
p (M o -K a) = 2 .3 c m '1, F(000) = 1752. D ata were m easured at room  tem perature on a 
C A D 4 autom atic four-circle diffractom eter in the range 2 < 0  < 24°. 7018 reflections were 
collected o f which 4372 were unique with I > 3a(I). Data were corrected for Lorentz and 
polarization effects but not for absorption. The structure was solved by direct m ethods and 
refined  using the SHELX suite o f program s2,3. The asym m etric unit consisted of two 
unique m olecule halves (refined in blocks) and the rem ainder o f each m olecule was 
generated by reflection through a m irror plane. Interestingly, a sim ilarly unusual way of 
generating the asym m etric unit was also observed in ( P h Q ^ g S ig O ^ , in which the 
content o f the unit cell (Pi) were generated by two independent half-m olecules sitting 
either side o f the center o f sym m etry7. In both independent halves o f the title com pound a 
num ber o f atom s (Si], Si3, 0 3, 0 4, 0 6, C j. C4, C j], and C j4 in m olecule 1 and Sis, Si7, 0 8, 
Oio, O 12, C21, C 24 , C31, C34 in m olecule 2 , were seated on the m irrors with appropriate 
occupancies 0.50. In the final least squares cycles all the silicon and oxygen atom s were 
allow ed to vibrate anisotropically. Hydrogen atom s were included at calculated positions 
in all cases except for those bonded to carbon atom s laying on m irror planes. In these 
cases the relevant hydrogens with half site-occupancv were located in the penultim ate 
difference Fourier and refined at fixed distances |1.()8A| from the parent atoms. Final 
residuals after 14 cycles o f blocked m atrix least squares were R = R vv= 0.0861 for unit 
w eights. M axim um  final shift/esd was 0.040. The m axim um  and m inim um  residual 
densities were 0.31 and -0.244 eA ' 3 respectively. Tables o f fractional atom ic coordinates 
and therm al param eters, anisotropic tem perature factors, bond lengths and angles and 
in tram olecular and interm olecular distances are available as supplem entary data in 
A ppendix III.
Isolation o f H eptacyclohexyl-heptasiloxane-1,6,7-triol: The pyridine extract from 
the solution referred to above was carefully poured into 5 times its volum e o f ice-cooled
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aqueous HC1 (1 ml o f conc. HClVnl of pyridine). Any large clum ps of precipitated product 
were broken up as finely as possible. It was essential to remove any mechanically 
entrained pyridine, pyridine-hydrochloride or HC1 before continuing. This was 
accom plished by very finely pulverizing the solid, stirring with a large excess of water, 
collecting the product on a Buchner funnel, and then washing with copious amounts of 
water. The product was dried overnight at 40-50°C and then dissolved in a minimum 
am ount of hot diethyl ether. Small m icrocrystals of com pound 7 were formed (3.5g, 25%); 
m .p 269°C. Analysis found (calculated for C42H 80Si7O l2); C 51.8(52.1) H 8.2(8.31); l.R 
spectrum: 1107 (Si-O-Si), 3152 cm ' 1 (OH); ]H NM R spectrum 5(CDC13): 0.72m
vbr, SiOH); 13C NM R spectrum: 27.5s, 26.9s, 26.6s (2:1:2 for CH2), 23.8s, 23.5s, 23.1s
(3:3:1 CH); 29Si NMR spectrum: -60.3s, -68.2s, -69.7s ppm (3:1:3). Mass spectral data 
(70eV  £ ./, m/z): 973 (M +). 871 (M -C6H n H20 ) ,  789 (M -C6H, r C 6H KrH20 ) .
R OH R
CH 3 COCH 3
RSiCI3
/  I OH/  Q / R— Si 0  S i — R
0 .\
h 2o
R=Cyclo-C 6 H u
R—  Si O H  Si s.
O / 0  7 R
P  I /




4.2 .3  Synthesis o f a S ilsesquioxane C ontaining Boron
Synthesis  tf /IX c -C g H j^ S iy O ^ B ^  (com pound 8)
B orontriiodide (0.0031 m ole, 0.5g) was added with vigorous stirring to a solution 
o f  hep tacyclohexylsiloxane-l,3 ,7-d io l (0.0013 m ole, 1.25g) and triethylam ine (0.01 mole, 
l.Og) in benzene (CARE) (50 ml) at room  tem perature. The solution was stirred for 3 
hours, filtered to rem ove |E t3NH]I, and then evaporated in vacuo (25°C, 0.01 Torr) to 
afford an am orphous white foam. Extraction with warm  toluene, filtration to rem ove any 
unreacted diols and/or residual [Et3NH jI, and cooling overnight yielded large colourless 
crystals which were collected by filtration, washed with toluene (5 ml) and dried in 
vacuum . This yielded the pure product Com pound 8 , (0.6g, 48% ). Concentration o f the 
m other liquors to half o f the original volum e afforded an additional am ount o f the known 
product after 2 days at -15°C. A nalysis, found (calculated for C ^ H ^ S i ^ C A .^ ) :  C 
51.4(50.9); H 7.91(7.8)% , ]H NM R spectrum  5(CDC13): 0.73m  (7H, vbr, c-C 6H n Si), 
1.21m  (35H, br, c-C 6H n Si), 1.72m (35H, br, c-C 6H n Si); 13C NM R spectrum: 23.12s, 
23.51s, 23.82s fo r CH; 26.54s, 26.66s, 26.88s, 27.55s, for C H 2. 29Si NM R spectrum: 
-60.02s, -67.55s, -67.97s, -68.16s, -69.58s ppm.
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4.2 .4  S y n th e s i s  o f  H e te ro c v c lo s i l o x a n e s  C o n t a i n i n g  B o r o n
Synthesis o f  C yclo -1 ,1 ,3 ,5 ,5 ,7-hexaphenyl-3,7-d ibora-1,5-disiloxane (C om pound 9)
The structure o f (Ph2B20 4 Si2Ph4) which contain an eight-m em bered ring with 1:1 
boron to silicon ratio  has been determ ined in these laboratories by B .Brisdon and his 
cow orkers8. A  m ixture o f diphenylsilanediol (0.01 m ole, 2 .16g) and phenylboronic acid
0.01 m ole, (1.22g) were heated together in sodium -dried refluxing benzene (CARE) (20 
m l) for 4 hours. W ater form ed during the course o f the reaction was rem oved using a Dean 
and Stark apparatus. The reaction m ixture was allowed to cool and any solid residues 
rem oved by filtration. The solvent was distilled o ff under reduced pressure and the solid 
residue recrystallised  from 1:3 diethyl ether/petro lum -ether (60-80°C). to yield com pound 
9 (2.4g, 78% ); m .p 158°C. A nalysis, found (calculated for C 24H22Si2B20 3 ): C 71.5(71.1); 
H 4 .9 (4 .8 )%. I.R: 1321 (B-O-Si), 1128 cm ’1 (Si-O-Si); *H NM R spectrum  6(CDC13): 
7 .40-7 .66m (18H, m ,p-C bH5): 7.84-7.SXm (8 H, ^ -C 6H5Si). 8 .20-8.23m (4H, r;-C6H 5B); 
13C NM R spectrum : 127.9s. 128.0s. 130.6s. 131.3s. 134.0s, 135.6s (o}m ,p-C6H 5Si, 
C 6H 5B); 29Si NM R spectrum: -44.68ppm . Mass spectral data (70c’.V E.l. m/z): 604 (M +), 




Ph 2 Si(O H ) 2  + P hB (O H ) 2 -----------------------► Ph 2  Si Si P h , + 4 H ,0




Synthesis o f  C yclo-1 ,1 ,3 ,5 ,5-pentaphenyl-3-borci-l ,5-disiloxane (C om pound 10)
The structure o f (P h B 0 3Si2Ph4) which contains an six-m em bered ring with 1:2 
boron to silicon ratio  has been determ ined firstly by I.M anners9. The preparative m ethod 
used in these laboratories is slightly different from  this. A m ixture o f
l,l,3 ,3 -te trap h en y ld is ilo x an e-l,3 -d io l (Q Q05 m ole, 2.07g) and phenylboronic acid (0.005 
m ole, 0.60g) w ere heated together in sodium -dried refluxing benzene (CARE) (20 ml) for 
6  hours with continuous rem oval o f w ater by use o f a Dean and Stark apparatus. The 
m ixture was allow ed to cool and solid residues rem oved by filtration. The solvent was 
distilled o ff under reduced pressure and the solid residue recrystallised from  1:3 diethyl 
ether/petro leum  ether 60-80°C. This procedure yielded pure com pound 10 ( l . l g ,  83%); 
m .p 151°C. A nalysis, found (calculated for C30H 25BSi2O 3): C 72.0(71.9); H 5.0(5.1)% .
I.R: 1320s and 980s (B-O-Si), 1109 c n r 1 (Si-O-Si). lH  NM R spectrum  5(CDC13): 
7.23-7 .64m  (15H, m ,p-C 6H 5), 7 .84-7.87m  (8 H, o-C 6H 5Si), 8.21-8.25m  (2H, tf-C6H 5B); 
13C NM R spectrum : 127.7s, 128.0s, 129.8s, 130.7s, 131.6s, 132.9s, 134.4s, 135.6s 
{o,m ,p-C g l^ S i, CgH5B); 29Si NM R spectrum : -31.0ppm . Mass spectral data (70eV  E.l, 
mlz): 500 (M +), 423 (M +-Ph), 319 (M +-Ph2OB).
/ ° v
Ph2S i - 0 - S i P h 2  + P hB (O H i, —  »  Ph2 Si Si P h , + 2 H ,0
C/:Hi
OH OH o  o
Ph
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Synthesis o f  C yclo -1 ,1 ,3 ,5 ,5-pentam ethyl-3-bora-1,5-disiloxane (C om pound 11)
T etram ethy ld isiloxane-l,3 -d io l (0.01 m ole, 1.66g) and m ethylboronic acid (0.01 
m ole, 0.60g) w ere heated in acetone (25 ml) for 6  hours. The solvent was rem oved under 
w ater vacuum , the resulting oil was then taken up in dry diethyl ether, and rem aining 
w ater w as rem oved by anhydrous sodium  sulphate. A fter filtration, the solvent was 
evaporated , leaving the product as a colourless fluid, (1.2g, 63% ). A nalysis, found 
(calculated for C 5H 15B Si20 3): C 31.7(31.6); H 8 .3(7.9)% . I.R spectrum: 1315s, 1250 
(B-O -Si), 1040vs cm ' 1 (Si-O); l H NM R spectrum  8(CDC13): 0.10-0.21t (12H, M e2Si), 
0 .22-0 .26t (3H, M eB); 13C NMR spectrum : 0.48-0.58d (M eSi), 1.03 (M eB); 29Si NM R 
spectrum : -17.6ppm . Mass spectral data (Iso-but C .l, mlz): 191 (M +), 175 (M -CH 3), 149 
(M -C H 3BO).
M e2Si— O — S iM e2 + M eB (O H )2 
O H  O H
R eflux
M e2 Si Si M e2 + 2 H 20




Synthesis o f Cyclo-1,1,5,5-tetramethyl-3-phenylhora-1 ,5-disiloxcine (Compound. 12)
T etram ethyld isiloxane-l,3 -d io l (0.01 m ole, 1.66g) and phenylboronic acid (0.01 
m ole, 1 .2 lg ) were heated together in dry refluxing benzene (CARE) (50 ml) for 5 hours. 
W ater form ed during the course o f the reaction was rem oved using a Dean and Stark 
apparatus. On cooling the solvent was rem oved under reduced pressure, A sem i-solid 
fo rm ed  containing the product which was purified by vacuum  distillation; b.p 80°C, 
0 .7m m H g. This procedure yielded com pound 12 (0.95g, 38%). A nalysis, found (calculated 
fo r 0 2 0 ^ 78121303): C 47.6(47.8); H 6 .7(6.8 )%; I.R spectrum : 1317vs (B-O-Si), 1064vs 
cm ' 1 (Si-O); ^  NM R spectrum  5(CDC13): 0.32-().35m (12H, M e2Si), 7 .38-7.52m (3H, 
m ,p-C 6H 5B), 7 .82-8 .31m (2H, o-CgH^B): 13C NM R spectrum : 0.25s (M eSi), 27.0s 
(<?-C6H 5B), 1 3 0 .5 s , 1 3 4 .5 s  (m,/?-C6H5B): 29Si NM R spectrum: -3.09ppm . M ass spectral 
data  (70eV E.I, m/z): 252 (M O, 237 (M +-M e), 221 (M +-M eO).
R eflux
M e 2Si— O — SiM e2 + P h B (O H )2 M e2 Si
0




Synthesis o f  C yclo-1 ,1 ,5 ,5-tetraphenyl-3,7-dim ethyldibora-1 ,5-disiloxane (C om pound 13) 
D iphenylsilandiol (0.005 m ole, 1.08g) and m ethylboronic acid (0.005 m ole, 0.30g) 
w ere heated together in sodium -dried benzene (CARE) (50 ml) for 5 hours. W ater form ed 
during the course o f the reaction was rem oved using the method above. The reaction 
m ixture was allow ed to cool and any solid residue rem oved by filtration. The solvent was 
distilled  from  the filtrate under reduced pressure. This procedure yielded com pound 13 
(l.Og, 85% ); m.p 110°C. Analysis, found (calculated for C26H26Si2B204): C 65.3(64.8); H 
5.4(5.2)% . I.R: 1336s (B-O-Si), 1130-1118s c n r 1 (Si-O-Si); ]H NM R spectrum  6(CDC13): 
0 .034-0.27s (6 H, 2M eB), 7 .25-7 .34m (12H, m ,p-C 6H5Si), 7.50-7.60m  (8 H, o-C 6H 5Si).
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4.2.5 Synthesis of L inear Heterosiloxanes Containing Boron
Synthesis o f  1 ,1 ,3 ,5 ,5 -pentaphenyl-3-bora-l ^ -d ihydrido trisiloxane (C om pound 14)
P henylboronic acid (0.005 m ole, 0.605g) was dissolved in sodium -dried benzene 
(CA R E) (40 m l). A  few  drops o f triethylam ine were added to the m ixture w hich w as then 
heated gently  under a N 2 atm osphere. D iphenylchlorosilane (0.01 m ole, 2.18g) w as added 
and a precip itate  o f  (N Et3H )C l form ed on addition. The m ixture was stirred at 60°C  fo r 2 
hours, and then cooled  and solid rem oved by filtration. The solvent was rem oved under 
reduced pressure and the solid residue was collected (2.1g, 43% ). A ttem pts were m ade to 
recrystallise the solid form ed by this procedure using a m ixture o f 1:1 hexane-diethyl 
ether, which produced a sm all tw inned crystals in low yield (25% ). A nalysis, found 
(calculated fo r C 30H 27Si2B O 2): C 73.3(74.2) ; H 5.6(5.6 )%. I.R spectrum : 1346vs and 
1305vs (B -O -Si), 1118s and 1093vs (Si-O), 2125vs cm ' 1 (Si-H). lH  N M R spectrum  
6(CDC13): 5 .6 s  (2H , Si-H ), 7.29-7.40m  (15H, m ,p-C 6H 6), 7.53-7.57dd (8 H, o-C 6H 5Si), and 
8.22-8.25dd (2H, o -C 6U 5B).
Synthesis o f  1 ,1 ,1 ,3 ,3 ,3 ,5 ,5 ,5 -no nap heny I-bora-1,3.5-trisiloxane (C om pound 15)
T riphenylsilanol (0.015 m ole, 4.14g) was dissolved in toluene (50 m l), and the 
m ixture stirred at 60°C  under N 2 atm osphere. Trim ethylborate (0.005 m ole, 0.52g) was 
added dropw ise to the m ixture, and the reaction refluxed overnight. On cooling a solid 
residue was first filtered  o ff  and the solvent rem oved under w ater vacuum . T he crude 
product was recrysta llised  from  the m inim um  am ount o f dichlorom ethane to yield
H H
2 Ph 2 Si(H )C l + P h B (O H ) 2
Et3N
Ph 2 S iO — B — OSiPh2  + 2 (E t3 NH)Cl
com pound 15, (7.6g, 60% ); m .p 130-132°C. Analysis; found (calculated for
C 60H 45Si3BO 3): C 77.6(77.7); H 5.4(5.4)% ; I.R spectrum: 1365s, 1354s and 1313vs 
(B-O -Si), 1118vs and 11 ()7vs cm ' 1 (Si-O); ’H NMR spectrum  5(CDC13): 7 .14-7 .64m 
(45H , o,m,p-C^B.^Siy, 29Si NM R spectrum : -21.2ppm . M ass spectral data (Iso-but. C J):  
759 (M -Ph), 681 (M -2Ph), 604 (M -3Ph), 559 (M -3PhSiO ), 501 (M -3PhSi20 3).
Reflux
3 Ph3SiO H  + B (O M e ) 3  ----------------------► Ph 3 S iO — B — OSiPh3  + 3M eOH
C 6 H 6  OSiPh3
Synthesis o f  1 ,1 ,1 ,3 ,5 ,5 ,5 -hep tap heny I-3-bora-1,5 -disiloxane (C om pound 16)
T riphenylsilanol (0.01 mole, 2.76g) and phenylboronic acid (0.005 m ole, 0.605g) 
were heated together in refluxing sodium -dried benzene (CARE) (50 ml) for 4 hours. 
W ater form ed during the course o f the reactiornvas rem oved using a Dean and Stark 
apparatus. The reaction m ixture was allowed to cool and solid deposits rem oved by 
filtration. The solvent was evaporated under reduced pressure and the residue 
recrystallised  from  the m inim um  am ount o f dichlorom ethane to yield com pound 16 (3.2g, 
50% ); m.p 125°C. A nalysis: found (calculated for C4sH 35Si2B0 2): C 79.3(79.1); H 
5.5(5.5)% . I.R spectrum : 1309vs, 1288s (B-O -Si). 1118vs c n r 1 (Si-O). ]H NM R spectrum  
5(CDC13): 7 .18-7 .68m  (o rm .p .C 6H5Si and o.m -C hH5B), 7 .85-7 .89m (p-C bH5B): 29Si NM R 
spectrum : -16.7 and -12.4ppm : M ass spectral data (Iso-but. C J. m/z): 561 (M -Ph), 365 
(M -Ph3SiO), 322 (M -Ph3Si20 2), 305 (M -Ph3Si20 3), 277 (M -Ph3Si30 3), 199
(M -Ph4Si30 3).
A crystal o f approxim ate dim ensions 0.3 x 0.3 x 0.4 mm was used for data 
collection for the structure determ ination.
crystal data: C ^ H ^ S io B O i, M = 638.8 m onoclinic, a = 18.666(4), b = 9.685(2), c 
= 19.837(6) A , p = 99.58, U = 3536.1 A3, space group P 2 ,/c . Z = 4, Dc = 1 .2  g em '3,
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Iji(M o -K a) = 0.99 cm "1, F(000) = 1344. Data were m easured at room  tem perature on a 
C A D 4 autom atic four-circle diffractom eter in the range 2 < 0  < 24°. 6108 reflections were 
co llected  o f which 3327 were unique with / > 3o(I). Data were corrected for Lorentz and 
po larization  effects but not for absorption. The structure was solved by D irect m ethods 
and refined  using the SH ELX  suite o f program s2,3. In the final least squares cycles all 
a tom s excep t fo r and 0 2 were allow ed to vibrate anisotropically. H ydrogen atom s were 
included  at calcu lated  positions. Final residuals after 7 cycles o f least squares were R = 
0 .0544, Rco = 0.0629, for a weighting schem e o f w = 2 .0099/[a2(F) + 0.002683(F)2]. 
M axim um  final shift/esd  was 0.038. The m axim um  and m inim um  residual densities were 
0 .12  and -0.10 eA "3 respectively. Tables o f fractional atomic coordinates and thermal 
param eters, anisotropic tem perature factors, bond lengths and angles and intram olecular 
and in term olecular d istances are available as supplem entary data in A ppendix III.
R eflux
2 Ph3SiO H  + P hB (O H ) 2 ----------------------► Ph3 S iO — B — OSiPh3  + 2H 20
C ‘ H « n
Synthesis o f  1 ,1 ,1 ,5 ,5 ,5 -hexapheny 1-3-m ethyl-3 -bora-].5-disiloxane (Com pound 17)
Triphenylsilanol (0.01 m ole, 2.76g) and m ethylboronic acid (0.005 m ole, 0.3g) in 
sodium -dried  benzene (CARE) (40 ml) were refluxed for 6  hours under a N2 atm osphere. 
W ater form ed during the course o f the reaction was removed using a Dean and Stark 
apparatus. The reaction m ixture was allowed to cool and solid residues rem oved by 
filtration. The solvent was rem oved under vacuum , and the crude product recrystallised 
from  the m inim um  am ount o f diethyl-ether. This procedure yielded com pound 17 (2.9g, 
50% ); m.p 109°C. A nalysis, found (calculated for C37H33Si2B0 2): C 76.9(77.2); H 
5.1(5 .1)% . I.R spectrum : 1331vs and 131 lvs (B-O -Si), 1118vs and 1107s cnT 1 (Si-O); ‘H 
NM R spectrum  8(CDC13): 0.16s (3H, BM e), 7 .25-7 .65m (30H. f-,m,p-C6H ,Si): ,3C NM R 
spectrum : 127.7s, 127.9s, 129.8s. 130.1s, 135.0s, 135.2s (^.m.^-C^H^Si).
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R eflux
2  Ph3SiO H  +  M eB (O H ) 2  ----------------------► Ph3 S iO — B — OSiPh3  + 2H 20
M e
Synthesis o f  1,1,5,5-tetraphenyl-3-m ethyl-3-bora-1,5 -dihydridodisiloxane
(C om pound 18)
M ethylboronic acid (0.005 m ole, 0.3g) was dissolved in sodium -dried benzene 
(CA R E) (40 m l). A  few  drops o f triethylam ine were added to the m ixture, and after 
heating under N 2 atm osphere O.Olmole, (2.18g) o f  diphenylchlorosilane w ere added 
gradually, resu lting  in a precipitate o f (N Et3H)Cl. The m ixture was stirred at 60°C for 3 
hours after the addition. A fter cooling the reaction m ixture solid residues were rem oved by 
filtration. The solvent was rem oved under w ater vacuum  leaving the product as a viscous 
liquid (2.85g, 6 8 %). A nalysis found (calculated for C 25H 25Si2B0 2): C 68.0(68.2); H 
5.20(5.21)% . I.R  spectrum : 2123vs (Si-H), 1349vs and 1307vs (B-O -Si), 1120vs and 
1100s cm ' 1 (Si-O ). NM R spectrum  5(CDC13): 0.25s (3H, BM e), 5.5s (2H, SiH), 
7 .29-7.45m  (12H , m ,p -C 5H 6Si), 1.51-1.596  (8 H, o-C 5H6S\).
H H
Et3N j I
2 Ph 2 Si(H )Cl + M eB (O H ) 2  --------------------- ► Ph2 S iO — B — 0SiP h 2 + 2(E t3 NH)Cl
Me
4.2.6 Synthesis o f  H eterocyclosilazanes C ontaining Boron
Synthesis o f  2 ,2-dim ethy 1-4,6-diphenyl-1,3,5-triaza-2-sila-4 .6- diboracyclohexane  
(C om pound 19)
A solution o f  2,2,4 ,4 ,6 ,6-hexam ethylcyclotrisilazane (0.078m ole, 17 .lg ) were 
m ixed in benzene (CA R E) (300 ml) then treated dropw ise while vigorously stirred with 
phenylboron dich loride (0.0625 m ole, 9.9g). A fter the exotherm ic reaction had died down, 
the reaction m ixture was heated for 3 hours under reflux, then cooled and the solvent 
evaporated in vacuum  leaving a m ixture o f products. Distillation gave in the initial 
fraction a m ixture o f 1,3 -d ich lo ro -l, 1,3,3-tetram ethyldisilazane, C lM e2SiN H SiM e2Cl, and
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2,2 ,4 ,4-tetram ethyl-6-phenyl-l,3 ,5-triaza-2 ,4-sila-6-boracyclohexane, PhB (S iM e2NH)2NH 
at 130°C, 0.01 Torr. Com pound 19, 2 ,2-dim ethyl-4,6 -d ipheny l- 1,3 ,5 trisilaza-2-sila-4,6 -; 
diboracyclohexane, M e2Si(B PhN H )2NH was recovered at 140-170°C, 0.01 Torr, and after 
solidifying was recrystallised from  n-heptane as colourless crystals; (2.4g, 25% ), m.p 
102-104°C. A nalysis, found (calculated for C 14H 19B 2N 3Si): C 60.3(60.2); H  6.86(6.85); N 
15.06(14.15)% . I.R: 3427s, 3410s, 3395s (N-H), 3072s, 3049s, 3011s (C -H  arom atic), 
2926vs, 2895vs (C-H aliphatic) 1599vs, 1572w, 1498s (C=C) 1441vs (br, B N ), 1381vs 
(br, BPh) 864vs (SiN) 788s (SiC) 702-698vs cm ' 1 (B-N out o f plane). N M R  spectrum  
8(CDC13): 0.12m  (6 H, (M e2Si), 2.95s (2H, 2NH), 4.58 (1H, NH), 7 .10-7 .87m  (10H, 
2C 6H 5B); 13C NM R: 3.98s (CH 3)2Si, 127.1s, 127.7s, 127.9s, 129.4s, 130.8s, 131.5s 
(o ,m ,p-C 6H 5B); 29Si NM R spectrum: -1.23ppm . M ass spectral data (Iso-but. C J , m/z): 280 
(M +), 264 (M +-CH 3), 247 (M +-C H 3N H 3).
A crystal o f approxim ate dim ensions 0.9 x 0.6 x 0.2 mm was used for data 
collection.
crystal data: C ]4H 16B2N3Si, M = 276 m onoclinic, a  = 10.911(7), b = 14.066(7), c =
11.738(7) A , 3  = 114.98(4), U = 1633.0 A3, space group P 2 X/c, Z  = 4, D c = 1 .1 2  gem '3, 
p (M o -K a) = 1.33 c m 1, F(000) = 580. Data were m easured at room  tem perature on a 
C A D 4 autom atic four-circle diffractom eter in the range 2 < © < 22°. 2233 reflections were 
collected  o f which 1320 were unique with I > 3a(I). D ata were corrected for L orentz and 
polarization effects and also for linear crystal decay o f  30.77 % in the x-ray beam. No 
absorption correction was applied. The structure was solved by D irect m ethods and 
refined using the SH ELX  suite o f program s2,3. In the final least squares cycles all atoms 
were allow ed to vibrate anisotropically. Hydrogen atom s were included at calculated 
positions except in the case o f H j, H 2 and H 3 (attached to N 1? N 2 and N 3 respectively) 
which were located in an advanced difference Fourier and refined at a fixed distance o f
1.00 A from  the relevant parent atom s. Final residuals after 8 cycles o f least squares were 
R = 0.0417, Ro> = 0.0477, for a weighting schem e o f co = 1.0()00/[g2(F) + 0 .002968(F)2].
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M axim um  final shift/esd was 0.090. T he m axim um  and m inim um  residual densities were
0.05 and -0.06 eA "3 respectively. Tables o f fractional atom ic coordinates and therm al 
param eters, anisotropic tem perature factors, bond lengths and angles and intram olecular 
and in term olecular distances are available as supplem entary data in A ppendix III.
R eflux
(M e,S iN H ) 3  + P h B C C ------------------ ► CIM e2 SiN H SiM e2Cl
'  C 6 H 6
+
C om pound 19
M e2Si
H— N




















4.2 .7  Synthesis o f  Phenylinethylsilane-d im ethylsilane C opolym er
Syn thesis o fP henylm ethylsilane-d im ethylsilane Copolym er (com pound 20)
In 1983, Y ajim a and his cow orkers10 reported that copolym ers o f 
pheny lm ethy lsilane and dim ethylsilane units were form ed with an approxim ately 1:1 ratio. 
T o  chunks o f  sodium  (0.575 m ole, 13.23g) suspended in toluene (150 ml) was added 
lOOp.1 oleic acid to aid  in dispersion o f  the sodium . The toluene was refluxed and a high 
speed stirrer used to create a sodium dispersion. The heating m antle was rem oved and the 
d ispersion in to luene was allowed to cool down to 70°C, whereupon a m ixture o f 
PhM eSiC l2 (0.14 m ole, 26.3g) and M e2SiCl2 (0.14 m ole, 17.8g) was added dropw ise with 
stirring quick ly  enough to m aintain the reaction m ixture at gentle reflux. T he solution 
turned from  gray to dark  blue. A fter the addition was com plete, the heating m antle was 
rep laced  and  the reflux  was m aintained for 7 hours. A t the end o f this period the reaction 
m ixture  w as cooled  dow n, and quenched by adding m ethanol (150 ml) dropw ise over 2 0  
m inutes and then w ater (200 ml). The organic layer was separated, dried, and the solvent 
evaporated  to yield a yellowish grease containing phenylm ethylsilane-dim ethylsilane 
copolym er (15.3g, 64% ). Analysis, found (calculated for C9H 14Si2): C 60.6(59.9); H 
7.8(7.75); NM R spectrum  5(CDC13): 0.14-0.63brm  (M eSi), 7.25-7.42brm  (PhSi). The 
N M R  spectrum  data are sim ilar to the chem ical shifts for a (PhM eSi)n hom opolym er11, the 
relative areas o f the tw o peaks in com pound 2 0  indicated a (M e ^ il^ P h M e S i)]  3 ratio.
M e2 SiC l2 Na? toluene
+  ► [(M e2Si)x(PhM eSi)]n
P hM eSiC l2 R eflux
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A ttem pts were also made to synthesise heterocyclicsiloxanes containing boron 
with other substituents on boron via the reaction o f Ph2Si(O H )2 with B (O R )3 (R = Et or 
n-Bu). The final products were impure due to the presence o f unreacted starting m aterials, 
and attem pts at purification using distillation or colum n separation were unsuccessful.
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C H A P T E R  F I V E
ST R U C T U R A L  C H A R ACTE R ISATIO N OF M O D E L  CO M PO U N D S
5.1 SUMMARY
Several o f  the com pounds synthesised during the course o f this work have been 
structurally  analysed and their significant structural features are com pared below with 
those o f related  com pounds. The crystal structures o f cyclo-(C 6H ] i)6S i609 (Com pound 6 ), 
w hich contains two 6 -m em bered Si30 3  rings jo ined  co-facially, 
Ph2 (H O )SiO Si(Ph2)O Si(O H )Ph2 (Com pound 3) which contains a cyclic H-bonded ring 
skeleton, the linear derivative PhB (Ph3SiO )2 (Com pound 16) and 
cyc/o-M e2Si(PhB N H )2NH (Com pound 19) which exhibits a B 2N3Si ring system  have 
been determ ined at room  tem perature by Dr M ahon in the School o f Chem istry using a 
H ilger and W atts Y -290 four-circle diffractom eter or a CAD 4 autom atic four-circle 
d iffractom eter. All the crystallography experim ental data are given in Chapter 4.
5.2 TH E ST R U C T U R E  OF H E X A (C Y C L O -H E X Y L SE SQ U ISIL O X A N E )
Spherical sesquisiloxanes (RSiOj 5)n are an im portant class o f com pounds due to 
their unique structural features. The first sesquisiloxanes were prepared by Scott in 1946 
by the hydrolysis o f organotrichlorosilanes1,2. The general insolubility of this class of 
com pounds has however, prevented extensive structural analysis. O f the eight 
organosilsesquisiloxanes structures defined crystallographically , six [R= Me, Et, Ph, 
PhC H 2, vinyl, allyl] are analogous octam eric species (R8Si80 12)3,4. H igher oligom ers are 
confined to the decam er and dodecom er, M e ^ S q o O ^  and P h 12S i]20 186, the inorganic 
species (M e3S i0 ) 12S il20 18 and (M e3S i0 ) ]4S i140 2i (two isom ers)7. As no structures have 
been reported for smaller, potentially strained, organosilicon oligom ers (N < 8 ), the 
structure o f com pound 6  was determ ined in order to provide a direct com parison with the 
know n silicate system s, [Me4N+|6[Si60 156'|.3 6 .5 H 20 s , [N i(en)32+j3[Si60 156'].26H 209,
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and [M e3SiO ]6Si60 910.
The hydrolysis o f cyclohexyltrichlorosilane in acetone has been reported to lead to 
the form ation o f three condensed sesquisiloxanes derivatives containing 6 -, 7- and 8 - 
silicon centres, C y6Si60 9 , Cy7Si70 9 (0 H )3 and Cy8Si80 ] 1(0 H )2 respectively. In this work 
a slightly m odified synthetic procedure, but an identical literature separation m ethod11, 
has been used to prepared com pound 6 , as described in Chapter 4. By using a 
com paratively short reaction time, the proportion o f C y6Si6C>9 is m axim ised at the expense 
o f the octa-sesquisiloxane in the initial solid m ixture, so facilitating purification o f the 
hexam er, albeit at the expense o f an overall reduced yield. The other two products 
containing 7- and 8 -silicon centres both contain silanol groups and have been structurally 
characterized p reviously11. The chem istry o f the 7-silicon centre com pound in particular 
has been developed extensively by Feher12.
Com pound 6 , CygS^Og has a cage structure in which two six-m em bered Si30 3 
rings are jo ined  co-facially  by Si-O -Si bridges, generating three further Si40 4 heterocycles 
(Figure 5.1). The final fractional atom ic coordinates and isotropic therm al param eters are 
listed in Table 5.1, and selected bond length and angles are shown in Table 5.2. The bond 
length and angle data for the Si30 3 rings [mean Si-O: 1.640(6) A: mean Si-O-Si angles: 
129.5(5)°) are essentially  unchanged from those o f the virtually planar Ph6Si30 3 
com pound 11.640(6) A; 132-133°| 13. Indeed collective data available for such ring 
com pounds, including M e6Si30 3, show a rem arkable geom etric consistency [Si-O: 
1.635-1.654 A; Si-O -Si angles: 125-135°]4. The Si30 3 rings in the two iso-structural 
silicate anions [cation]n[Si60 156']; {cation= Et4N +. n = 6 ; N i(en2+)3, n = 3}8,9, also follow 
these geom etric trends (Table 5.3), though the spread o f Si-O  bond lengths and Si-O-Si 
angles is som ew hat wider, possibly due to distortions brought about by extensive 
hydrogen-bonding within the lattices. However, in contrast to R 6Si30 3 species in which 
the Si30 3 six-m em bered siloxane rings are invariably near-planer, with the m axim um  
observed deviation from  the mean plane being 0.1 A 13, the two Si30 3 units in com pound 6 
each adopt a chair conform ation (Figure 5.2). This conform ation is also apparent in
[Et4N +]6[Si60 156'] 8, though in the [N i(en)3]2+ salt o f  this anion, the com ponents o f the 
six-m em bered ring  are described as lying approxim ately in one p lane9. In the title 
com pound C y 6Si60 9, the O-Si-O and C -S i-0  bond angles [mean 109.2 and 110.5° 
respectively] are w ithin the ranges o f 105.8-112.2° found in m ost siloxanes, and show only 
m inor deviations from  the ideal tetrahedral value. The three eight-m em bered Si40 4 rings 
in C y6Si60 9 adopt a crown configuration, with the four oxygen atom s lying above an Si4 
plane. The two oxygen atom s which are solely part o f the Si40 4 ring  are significantly 
nearer to the Si4 plane than the two oxygens which are also integral to the Si30 3 rings. 
Thus, O 5 and 0 6 lie 0.32, 0.25 A above the S ir Si4 plane respectively, while the 
corresponding displacem ents for O] and 0 3 are 0.65 A (Figure 5.2). The Si-O bonds are
o
som ew hat shorter in this part ot the m olecule [mean: 1.625 A] and are associated with 
slightly  more open Si-O-Si angles [mean: 142.3°] (Table 5.2), a trend which has been 
com m ented on prev iously14,13. The data for the Si40 4 rings in the two salts o f the 
[S i60 ]56'] anions discussed earlier are consistent with the trends noted in the Si30 3 
heterocycles; that is the mean bond length and angles are identical to those in the title 
organom etallic species, as indicated in Table 5.3.
Interestingly, the eight-m em bered Si40 4 rings in higher sesquisiloxanes, where the 
heterocycle is fused to other Si40 4, (RflSigO^) or a larger ring, ( R ^ S i^ O ^ ) ,  incorporate 
yet larger Si-O -Si angles (148-153°) and correspondingly shorter S i-0  bonds (1.610 A) as 
noted in Table 5.3, This feature is consistent with the relationship between these two 
param eters discussed earlier in Chapter 2 section 2.3.3. These data approach those for the 
parent m olecule Ph8Si40 4 [mean Si-O: 1.615 A; mean Si-O-Si angles: 159.8°|16, which 
has been variously described as adopting a shallow  boat or a planar structure17. 
Collectively, the structure o f com pound 6  reflects the increasing strain induced in Si40 4 
rings when fused to other siloxane rings o f decreasing nuclearity, and particularly when 
attached to an S i30 3 ring as in the title com pound C y6Si60 9.
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Figure 5.1 The  asymmetr ic  unit of Cv6Si6( )y, show ing  the two independent  
molecular  halves,  primed atoms are related to their unprimed  
counterparts  by mirror planes thrugh S i h Si3, 0 2, 0 6, C j , C 4, C H 
and C 14 in molecule 1, and Si5,Si7, ( ) x, O l0, ( ) , 2, C 21, C 24, C 31 and 
C 34 in molecule  2
-1 IS-
F igure  5.2 T h e  sesquisiloxanes cage of C y6Si60 9> show ing the crow n 
con figu ra tion  of the  Si40 4 rings (top of m olecule) an d  the 
c h a ir  configu ration  adop ted  by the  Si3C>3 rings (left and  righ t 
edges of m olecule)
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oT a b l e  5.1 F ra c t io n a l  a to m ic  c o o r d in a t e s  a n d  t h e r m a l  p a r a m e t e r s  (A) for
C y6Si60 9, com pound 6
A tom X y z u eq
S il 0.5251(3) 0.2500 0.3230(1) 0.038(2) *
Si2 0.6201(2) 0.1703(1) 0.2174 0.040(1) *
Si3 0.2629(3) 0.2500 0.2559 0.037(2) *
Si4 0.3615(2) 0.1705(1) 0.1508(1) 0.037(2) *
0 1 0.5835(5) 0.1797(3) 0.2893(2) 0.041(3)*
0 2 0.6580(7) 0.2500 0.1929(4) 0.043(5) *
0 3 0.2773(5) 0.1799(3) 0.2105(2) 0.039(3) *
0 4 0.3720(7) 0.2500 0.1197(3) 0 .041(5)*
0 5 0.4994(5) 0.1429(3) 0.1744(2) 0.043(3) *
0 6 0.3746(7) 0.2500 0.3096(3) 0.036(2) *
Si5 0.0153(3) -0.2500 0.1938(1) 0.036(2) *
S i6 0.1098(2) -0.1707(1) 0.3060(1) 0.037(1) *
Si7 -0.2474(3) -0.2500 0.2435(1) 0 .036(1)*
S i8 -0.1491(2) -0.1708(1) 0.3553(1) 0.038(1) *
0 7 0.0728(5) -0.1797(3) 0.2317(2) 0.037(3) *
0 8 0.1507(7) -0.2500 0.3331(4) 0.041(5) *
0 9 -0.2321(5) -0.1799(3) 0.2892(2) 0.041(3) *
0 1 0 -0.1398(7) -0.2500 0.3879(4) 0.044(5) *
O i l -0.0109(5) -0.1436(3) 0.3410(3) 0.043(3) *
0 1 2 -0.1352(6) -0.2500 0.1975(3) 0.038(4) *
C l 0.5610(10) 0.2500 0.4081(6) 0.054(3) *
C2 0.5112(10) 0.1828(6) 0.4394(5) 0.076(3) *
C3 0.5443(12) 0.1841(8) 0.5111(6) 0.099(4) *
C4 0.4977(12) 0.2500 0.5408(7) 0 . 1 0 2 (6 )
C5 0.7530(8) 0.1080(5) 0.2137(4) 0.054(2)
C 6 0.8502(11) 0.1337(7) 0.1715(6) 0.090(4)
C7 0.9637(12) 0.0838(7) 01719(6) 0.093(4)
C 8 0.9293(10) 0.0084(6) 0.1571(5) 0.071(3)
C9 0.8314(11) -0.0172(7) 0.1954(6) 0.094(4)
CIO 0.7154(10) 0.0307(6) 0.1949(5) 0.076(3)
C l l 0.1162(10) 0.2500 0.2934(5) 0.039(3)
C12 0.1003(8) 0.1829(5) 0.3347(4) 0.058(2)
C13 -0 .0 2 0 2 ( 1 0 ) 0.1827(6) 0.3691(5) 0.077(3)
C14 -0.0285(11) 0.2500 0.4068(7) 0.086(5)
C15 0.2915(7) 0.1074(4) 0.0927(4) 0.041(2)
C16 0.3613(9) 0.1090(5) 0.0320(4) 0.058(2)
C17 0.3048(10) 0.0548(6) -0.0155(5) 0.068(3)
C18 0.0310(9) -0.0193(6) 0.0106(5) 0.066(3)
C19 0.2315(9) -0.0216(5) 0.0706(4) 0.058(2)
C 20 0.2881(8) 0.0304(5) 0.1181(4) 0.048(2)
C21 0.0521(11) -0.2500 0.1110(5) 0.039(3)
C22 0.0043(8) -0.1828(5) 0.0770(4) 0.055(2)
H 211 -0.0952(8) -0.1804(5) 0.0786(4) 0.079(6)
C23 0.0375(10) -0.1825(6) 0.0076(5) 0.069(3)
C24 -0.0094(15) -0.2500 -0.0268(7) 0.071(4)
C25 0.2393(7) -0.1076(4) 0.3228(4) 0.041(2)
C26 0.2106(9) -0.0311(6) 0.3034(5) 0.064(3)
C27 0.3217(10) 0.0178(6) 0.3194(5) 0.076(3)
C28 0.4381(8) -0.0075(5) 0.2924(4) 0.055(2)
C29 0.4671(9) -0.0826(5) 0.3110(5) 0.059(3)
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Cont .  T ab le  5.1
C30 0.3584(9) -0.1329(6) 0.2942(5) 0.066(3)
C31 -0.3962(11) -0.2500 0.1961(5) 0.041(3)
C32 -0.4129(9) -0.1826(5) 0.1560(4) 0.059(3)
C33 -0.5379(10) -0.1837(6) 0.1159(5) 0.077(3)
C34 -0.5505(18) -0.2500 0.0765(8) 0.089(5)
C35 -0.2164(8) -0.1061(5) 0.4078(4) 0.043(2)
C36 -0.2149(9) -0.0300(5) 0.3802(5) 0.062(3)
C37 -0.2702(10) 0.0246(7) 0.4238(5) 0.077(3)
C38 -0.2064(12) 0.0204(7) 0.4890(6) 0.093(4)
C39 -0.2090(12) -0.0521(17) 0.5157(6) 0.091(4)
C40 -0.1525(10) -0.1081(6) 0.4730(5) 0.074(3)
T ab le  5.2 Selected bond lengths (A) an d  bond angles (°) 
com pound 6





S i l - O l 1.649(6) S i l - 0 6 1.633(8)
S i2 -0 2 1.645(4) S i2-01 1.625(6)
S i2 -0 5 1.630(6) S i3 -0 3 1.648(6)
S i3 -0 6 1.612(8) S i4 -0 3 1.629(6)
S i4 -0 4 1.641(4) S i4 -0 5 1.627(6)
S i5 -0 7 1.648(5) S i5 -012 1.634(8)
S i6 -0 7 1.626(5) S i6 -0 8 1.647(4)
S i6 -011 1.628(6) S i7 -0 9 1.640(6)
S i7 -012 1.611(8) S18-09 1.634(6)
SI8-O10 1.643(4) Si8-()11 1.626(6)
S i l-C l 1.839(13) SI2-C5 1.858(10)
S i3 -C ll 1.825(11) Si4-C15 1.842(8)
Si5-C21 1.844(12) S16-C25 1.849(8)





0 6 - S i l - 0 1 109.2(3) C l-S il - O l 111.9(3)
C l - S i l - 0 6 108.5(5) oi-Sii-or 106.2(4)
0 2 -S i2 -0 1 106.6(3) C 5-S i2-05 111.7(4)
0 5 -S i2 -0 1 109.5(3) 0 5 -S i2 -0 2 108.3(3)
C 5-S i2 -01 110.2(4) C 5-S i2-02 110.4(4)
0 6 -S i3 -0 3 109.0(3) C l l -S i3 -0 3 112.2(3)
C ll -S i3 - 0 6 108.5(5) 0 3 -S i3 -0 3 ' 105.8(4)
0 4 -S i4 -0 3 106.1(3) C 15-Si4-()5 109.5(3)
0 5 -S i4 -0 3 109.8(3) ()5-S i4-()4 109.2(4)
C 15-S i4 -03 112.0(3) C 15-S i4-04 110.3(4)
0 1 2 -S i5 -0 7 108.7(3) C21-Si5-()7 112.o(3)
C 21-S i5-012 109.0(5) 0 7 -S i5 -()7 ' 106.3(4)
0 8 -S i6 -()7 107.1(3) C 25-S i6-()l 1 109.3(3)
0 1 1 -S i6 -0 7 109.3(3) 0 1  l-S i6 - ( ) 8 108.9(4)
C 25-S i6 -07 113.1(3) C25-Si6-()8 109.1(4)
0 1 2 -S i7 -0 9 108.3(3) C 31-Si7-()9 112.2(3)
C 31-S i7 -012 109.2(5) 0 9 -S i7 -0 9 ’ 106.4(4)
O 10-Si8-O 9 106.8(3) C 3 5 -S i8 -0 1 1 108.3(3)
0 1 1 -S i8 -()9 109.2(3) O i l - S i 8 -() 10 109.4(4)
C 35-S i8 -09 112.5(3) C35-Si8-()10 110.6(4)
S i2 -0 1 -S il 128.8(4) S i2 -0 2 -S i2 ’ 130.6(5)
S i4 -03-S i3 129.0(4) S i4 -0 4 -S i4 ’ 130.8(5)
S i4-05-S i2 139.3(4) S i3-06-S i 1 144.7(5)
S i6 -07-S i5 128.7(4) S i6 -0 8 -S i6 ' 129.3(5)
S i8 -09-S i7 129.0(4) Si8-()10-S i8’ 129.5(5)
S i8-011-S i6 139.8(4) Si7-Q 12-Si5 145.2(5)
- 1 2 2 -
R3Si30 6 R 4Si40 8



























































a A verage d a ta  for 7 s tru c tu re s
T a b le  5.3 C o m p ara tiv e  geom etric  d a ta  fo r o rganosesqu isiloxanes an d  rela ted
com pounds
5.3  T H E  ST R U C T U R E  O F H E X A P H E N Y L -13 ,5-T R IS IL O X A N E -l,5 -D IO L
Siloxane diols and trio ls have attracted m uch  recent interest. These m aterials can 
be used  as m odels for m acrom olecular Si-O  species. For exam ple organosilane triols 
R S i(O H )3 have been used as synthetic p recursors for m etallosiloxanes w hich m im ic 
surface adsorbed m etal-centred fragm ents, and so replicate the surface o f  silica18. In 
addition silanols are im portant interm ediates in siloxane bond form ation. The structural 
chem istry o f these m aterials is focused on the beginning  o f the series, with the m ajority o f 
reports devoted to the initial hydrolysis products. R 2Si(O H )2. For a  variety o f  substituents 
R [Et, lPr, lBu, c-C 5M e5, c-C 6H n , (M e3Si)3C. allyl and Ph], the geom etric param eters 
w ithin the repeat unit are rem arkably consistent, w ith Si-O  bond distances and Si-O-Si 
angles in the ranges 1.637-1.659 A and 106-110°, respectively4. The m ain structural 
differences arise through the w ide variety o f hydrogen-bonding netw orks that are adopted, 
w ith 3-D and layer structures evident for com pounds with small substituents on silicon, 
w hilst self-association into chain  o r discrete o ligom ers is favoured  by diols with bulky 
substituents on silicon18. Recently , the structures o f  a sm aller range o f  linear 1,3-siloxanes 
diols, R 2(H O )SiO Si(O H )R 2, R = Me, nPr, T r , Ph; have also been studied4,19. T he main 
structural d ifferences lie in the patterns o f solid-state  hydrogen-bonding and hence 
interm olecular associations. Double-stranded chains dom inate (R = Me, lPr, nPr, Ph) 
though a sheet structure is preferred by M e(3 -C 4H 3S)(H O )SiO Si(O H )(3 -C4H 3S)M e. The 
structure o f M e2(H O )SiO Si(O H )M e2 consists o f  m olecules hydrogen-bonded together to 
form  chains which are further linked by hydrogen-bonds to form  double  chains.
T he only structure reported previously for a tris iloxane-l,5 -d io l is that of 
(H O )lBu2SiO SiM e2O SilBu2(OH), prepared by the reaction o f lBu2Si(O H )(O Li) with 
M e2SiCl220. Crystals o f com pound 3, Ph2(H O )S iO S i(Ph2)O Si(O H )Ph2, were obtained in 
this study by fractional crystallisation o f  the com bined extracts o f 
[Ph2(H O )SiO Si(O H )Ph2]n, n <  2 as described in C hapter 4, and the structure was
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determ ined . Final fractional atom ic coordinates and isotropic thermal param eters are 
show n in T ab le  5.4. Selected bond lengths and angles are given in Table 5.5, and the 
m o lecu lar structu re  o f  com pound 3 together with the atom  num bering schem e is shown in 
F igu re  5.3. T he silanol contains a novel alm ost planar eight-m em bered H Si30 4 
heterocyclic  ring , w ith  the tw o ends o f  the nom inally  acyclic  array linked through a 
hydrogen  bond, O 4-H 4 ..O 3 . This hydrogen bond is by no m eans sym m etrical [Si3-H4: 1.03 
A; Si3-0 4: 1.78 A , though the intram olecular O ...O  separation (2.74 A) is typical o f 
analogous in term olecu lar hydrogen bonds19,20. The angle at the hydrogen (155.9°) causes 
th is atom  to sit above the S i]S i30 30 4 plane (Figure 5.4a). For com parison, the O -H ..O  
angle  w hich form s part o f  a five-m em bered C Si20 2 ring in (M e3Si)2C (SiM e2O H )2 is 
137 .1°21. In the title  com pound the non-term inal S i-O  bond lengths are uniform , the spread 
over the fou r values being less than the standard deviation in the m easurem ent [mean: 
1.617(6) A]. T he S i-O -S i angles are 155.7(4) and 163.1(5)°, and accom m odate the ring 
strain , w hile  the ang les at silicon vary only m arginally  from  their ideal tetrahedral value 
(109 .1-110.4°) as ind icated  in Table 5.5. The analogous Si-O  distances and Si-O -Si angles 
in  the re la ted , unsym m etrical com pound (H O )lBu2SiO SiM e2O S ilBu2(OH), are sim ilar to 
those o f  com pound  3 (m ean: 1.612 A, 161.6°, respectively)20. In both com pounds short 
S i-O  bonds are associated  with rather wide Si-O-Si angles, a trend which has been noted 
p rev iously14,22. F o r com parison the m ore acute angle at oxygen (141.4°) in 
te tram eth y ls ilo x an e-l,3 -d io l is accom panied by longer Si-O  bonds (1.627 A )19. The 
term inal Si-O (H ) bonds in the title com pound [1.631(6) A and 1.651(5) A] are 
considerab ly  longer than the internal Si- 0  bond lengths [1.614(6)-1.618(5) A ], and fall 
tow ards the top o f  the range noted in a series o f  R 2Si(O H )2 com pounds [1.63-1.66 A]. 
S im ilar S i(O H ) bond lengths are evident in (H O )lBu2SiO SiM e2O S ilBu2(OH) [m ean: 1.630
A ]20.
T he structure o f the title com pound d iffers from that o f 
(H O )lB u2SiO M e2O S ilB u2(OH), even though the d im eric nature o f both com pounds is 
their m ost striking featu re  (Figures 5.5a and 5.5b respectively). In com pound 3 the square
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consis ting  o f  the  four oxygen atom s O 3 , O 4 , O 3 and 0 4- in  w hich the  interm olecular 
O 4 . ..O Y  separation  (2.72 A) is sim ilar to the in tram olecu lar O 4 ...O3 d istance (2.74 A) 
noted  earlie r19’2^’23. T he com pound (H O )lBu2SiO SiM e2O S ilBu.2 (O H ) a lso  contains an 0 4 
square  w hich is less regular, but the d istances involved are s im ila r  (2 .57-2 .82 A). In this 
la tte r com pound, how ever none o f  the available hydrogen a rom s on the  four term inal 
hyd roxy l groups appears to hydrogen bond internally to  g en e ra te  the H Si30 4 ring o f  
com pound  3, an d  the  deviation from  planarity  o f the m o le c u le  is considerably  greater 
(F igu res 5.4a and  5.4b). Furtherm ore, the open-jaw s o rie n ta tio n  o f pairs o f H-bonded 
(H 0 )cB u 2Si0 SiM e2 0 SilBu2(0 H) m olecules, Figure 5.4b a r c  5.5b, suggests that the 
in term olecu lar bonding is som ew hat w eaker than the O ...O  separa tion  suggests. A lthough 
the position  o f  the  hydrogen atom  o f  the second hydroxyl g ro u p  in com pound 3 was not 
located , the short in term olecular O ...O  separation suggests tiia i dim er form ation is real. 
T he overa ll structure  therefore can be described as d im eric, in  w h ich  tw o eight-m em bered 
H S i3 0 4 rings are linked through an eight-m em bered H40 4 he terocycle  (F igure 5.5a), as is 
com m on in silanol chem istry19. The structure can thus be d escrib ed  as being a two-step 
section  o f  a "staircase", no further contacts having been defec ted  betw een these dim er 
units to  produce a m ore extended array (Figure 5.4a). The p a ra lle l stacking o f relatively 
p lanar ring  in com pound  3 is in contrast to that in (H O )lB u 2S ^ 3 M e 2O S ilB u2(OH), where 
the tw o  rings are tw isted  with respect to each other (Figure 5 .tir  .
T he silan e -l,4 -d io l, (H O )(Ph2Si)4 (OH), adopts a c y c lic  seven-m em bered Si40 2H 
ring structure, in w hich the termini o f  the si lane are a lso  .inked  through an O -H..O  
hydrogen  bond [2.804(4) A], and prefers to form  a chair con fo rm ation  rather than a planar 
ring  as in the title  com pound23. Furtherm ore, this m olecule c im erises  through a pair o f 
hydrogen  bonds w ith an O ...O  separation o f  2.74 A, though as ^ i t h  com pound 3, difficulty 
w as experienced  in locating the exact position o f the in terrr.o lecularly-bonded hydrogen 
atom . H ow ever, from  the relative disposition o f the two haKe-s o f the silane dim er about 
its inversion  centre, the unit holding the two m olecules to g e th e r  is a four-m em bered 0 2H 2 
ring23, as occurs in (H O )lBu2SiO M e2O S ilBu2(OH), and not a r  Q 4H4 heterocycle as found
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in  the title  com pound (Figures 5.5a and 5.5b).
I
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F igu re  5.3 T he asym m etric  un it of com pound  3,
P h 2(H ())S i()S i(P h 2)()S i(()H )P h 2
- 1 2 8 -
H4






F igu re  5.4 T h e  d im er a rra n g e m e n ts  in P h 2(H O )S iO S i(P h 2)O S i(O H )P h 2 and  
tB u2(H O )SiO Si(M e2)()S i(()H )tB u2 (a an d  b respectively) viewed 
o rthogona l to the  a p p ro x im ate  p lanes of the ind iv idual m olecules. 
O rg an ic  su b s titu en ts  on silicon have been om itted  for c larity
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F ig u re  5.5 T he  d im er a rra n g e m e n ts  in P h 2(H ())S i()S i(P h 2) ()S i(()H )P h 2 and
tB u2(H ())S i()S i(M e2)O S i(()H )tBu2 (a and  b respectively) viewed 
p e rp e n d icu la r  to  the  ap p ro x im ate  p lanes of the  ind iv idual 
m o lecu les.O rgan ic  su b s titu en ts  on silicon have been om itted  for 
c la rity
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T a b l e  5.4 F rac t io n a l  a to m ic  c o o r d in a t e s  a n d  t h e rm a l  p a r a m e t e r s  (A) for
P h 2( H ( ) )S i O S i ( P h 2) O S i ( ( ) H ) P h 2, c o m p o u n d  3
A tom X y z Ueq
S il 0.5097(3) 0.3525(2) 0.2458(2) 0.044(1) *
S i2 0.5105(3) 0.1275(2) 0.2151(2) 0.041(1) *
Si3 0.3758(3) 0.2768(2) -0 .0 0 2 0 (2 ) 0.046(2) *
0 1 0.5322(7) 0.2304(4) 0.2387(4) 0.059(4) *
0 2 0.4479(7) 0.1780(4) 0.1022(4) 0 052(4) *
0 3 0.3785(7) 0.4034(4) -0.0095(4) 0 055(4) *
0 4 0.4679(7) 0.4541(5) 0.1342(4) o!o59(4) *
C4 0.1846(14) 0.4034(11) 0.4908(9) 0.107(10) *
C5 0.2102(16) 0.4959(11) 0.4096(11) 0.124(12) *
C 6 0.3010(13) 0.4822(9) 0.3332(8) 0 090(9) *
C 8 0.7031(16) 0.3690(10) 0.3625(8) 0.104(10) *
C9 0.8326(20) 0.3725(13) 0.3842(12) 0 . 1 2 1 (1 2 )*
CIO 0.9432(20) 0.3601(12) 0.3189(15) 0.124(15) *
C l l 0.9244(16) 0.3490(12) 0.2336(13) 0.107(13) *
C12 0.7941(12) 0.3453(8) 0.2171(8) 0 07^(8) *
C14 0.7981(12) 0.0250(9) 0.2652(8) 0  087(8) *
C15 0.9225(14) -0.0599(11) 0.2767(10) o! 104(11) *
C16 0.9330(12) -0.1473(9) 0.2489(8) 0 07 3(9) *
C17 0.8194(13) -0.1526(9) 0.2095(8) 0 079(8) *
C21 0.1444(11) 0.0625(10) 0.3701(8) 0  ()70(S) *
C 2 2 0.1936(15) -0.0283(10) 0.4563(8) 0 08 3(9) *
C23 0.3307(14) -0.0734(10) 0.4707(8) 0 077(9) *
C27 0.6803(15) 0.1533(11) -0.1791(11) o ! l0 3 ( l l )  *
C28 0.6301(14) 0.2149(12) -0.2755(11) 0.103(11) *
C29 0.5059(15) 0.2950(11) -0.2892(8) 0.098(10) *
C32 0.1511(14) 0.1764(10) 0.0310(8) 0 089(9) *
C33 0.0201(17) 0.1736(15) 0.0240(11) (K123( 13) *
C34 -0.0866(17) 0.2729(19) -0.0194(13) 0.159(17) *
C35 -0.0420(19) 0.3686(14) -0.0566(12) 0.137(15) *
C36 0.0892(14) 0.3735(11) -0.0481(10) 0.107(11) *
C l 0.3737(10) 0.3722(7) 0.3387(6) 0.055(2)
C 2 0.3381(10) 0.2821(8) 0.4192(7) 04)64(3)
C3 0.2474(12) 0.2969(9) 0.4948(8) 0.073(3)
C7 0.6800(10) 0.3580(7) 0.2792(6) 0.051(2)
C13 0.6811(9) 0.0215(6) 0.2261(6) 0.041(2)
C18 0.6952(12) -0.0693(8) 0.1994(7) 0.069(3)
C19 0.3814(9) 0.0626(6) 0.3082(5) 0.041(2)
C20 0.2412(11) 0.1064(8) 0.2959(7) 0.069(3)
C24 0.4304(12) -0.0301(8) 0.3981(7) 0.071(3)
C25 0.4830(10) 0.2494(7) -0.1095(6) 0.048(2)
C26 0.6066(12) 0.1692(9) -0.0979(8) 0.073(3)
C30 0.4262(11) 0.3150(8) -0.2083(7) 0.063(3)
C31 0.1902(10) 0.2762(8) -0.0058(6) 0.051(2)
H4 0.409(7) 0.449(6) 0.084(4) 0.05
Table 5.5
B ond







0 4 - S i- 0 1
C l - S i l - 0 4
C 7 -S i l-0 4
0 2 - S i2 - 0 1  
C 1 3 -S i2 -0 2  
C 1 9 -S i2 -0 2
0 3 - S i3 - 0 2  
C 2 5 -S i3 -0 3  
C 3 1 -S i3 -0 3  
S i2 -0 1 -S il




1*618(6) S i l - 0 4  1.631(6)
1*827(9) SI1-C7 1.847(9)
1*614(6) S i2 -0 2  1.618(6)
1.839(9) S i2-C 19 1.863(8)




109.1(3) C l-S i 1 -01  111.0(4)
110.5(4) C 7-S il-()1  107.9(4)
106.9(4) C 7 -S il-C l 111.2(4)
109.3(3) C 13-S i2-01  108.8(4)
110.6(3) C 19-S i2 -01  108.4(3)
108.9(4) C 19-Si2-C 13 110.8(4)
110.4(3) C 25-S i3 -02  107.5(4)
108.3(3) C 31-S i3 -02  109.8(4)
108.5(4) C31-Si3-C 25 112.4(4)
163.1(5) S i3 -0 2 -S i2  155.7(4)
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5.4 T H E  S T R U C T U R E  O F  l,l,l ,3 ,5 ,5 ,5 -H E P T A P H E N Y L -3 -B O R A -l,5 -S IL O X A N E
T he chem istry o f m etallosiloxanes, containing one or m ore m etal-oxygen-silicon 
linkages has been explored in order (i) to prepare siloxane polym ers with m odified 
properties resulting from  the incoporation o f different metal atom s in the siloxane chain, 
(ii) to com pare the properties o f metal siloxides with m etal alkoxides, and (iii) to explore 
the catalytic activity o f such m aterials. A lthough there is a considerable literature on 
cyclic borosiloxanes4, PhB (O SiPh3)2 and B (O SiPh3)3 are the only know n linear 
com pounds containing Si-O-B linkages. These were prepared via the reaction o f Ph3SiOH 
and PhB (O H )2 in a 2:1 m olar ratio, and o f Ph3SiOH and BCO’P r^  in a 3:1 ratio 
respectively24. In this work a m odified procedure has been used to prepare such 
com pounds with the structural form ula R \ nB(OSiRnH3_n), (R, R* = Ph and R = Ph, R* = 
Me; n = 2 or 3). To the best o f our knowledge no structures have been reported for linear 
borosiloxanes until during the writing o f this thesis when a publication in D ecem ber 1993 
appeared23 which will be discussed later. Therefore, the structure o f PhB (O SiPh3)2 was 
determ ined in the course o f this study in order to provide a com parison with cyclic Si-O-B 
system s which exhibit ring stra in14. Final fractional atom ic coordinates and isotropic 
therm al param eters for com pound 16 are given in Table 5.6. with selected bond lengths 
and angles shown in Table 5.7.
The m olecular structure o f the title com pound together with the atom  num bering 
schem e is given in Figure 5.6, The structure contains a central trigonal planar B 0 2C unit 
bound through the oxygen atom  to two tetrahedral -SiPh3 groups. It contains a linear, 
coplanar Si-O -B-O -Si skeleton which m axim izes ic-overlaps, and in addition the phenyl 
ring attached to the boron atom approaches co-planarity with the Si2B 0 2 backbone, the 
dihedral angle C24-C i9-B |-0 2 and C2()-C i9 -B i-b | being 10.4° and 13.9° respectively. 
H ow ever, the B-C  bond [1.577(2) A | is slightly longer than the B-C separation in 
cyc/o-PhB (O SiPh2) 2 [1.543(15) A ]14, PhB (O H ), [1.562(3) A ]26, o r cyc/o-Ph3B 30 3 
[1.540(3) A ]27. Key geom etric data for com pound 16 are com pared in Table 5.8 with those
o f  related  structures. Com parison can be m ade with cyc/e>-Et3B30 3 [B-C: 1.565(1) A]28 in 
w hich stacking o f  B30 3 rings suggests inter-m olecular B ..O  interactions rather than any 
significant 7i(B -C ) overlap, and w ith the sum  o f  the respective covalent radii [1.591(2) A]. 
F o r the strained six-m em bered ring com pound PhB O (Ph2SiO )2, the norm al valence angles 
at tetrahedral silicon and trigonal boron [mean: 106.3(3)° and 120.2(9)°, respectively] are 
accom m odated at the expense o f d istortions o f the angles about oxygen [127.3(4) and 
129.3(5)°]14. In the title com pound, the valence angles at unstrained tetrahedral silicon and 
trigonal boron centres are as expected, sim ilar to those in the cyclic com pound [mean: 
108.2° and 118.1°, respectively], Table 5.8 T he m ost rem arkable feature in com pound 16 
is the difference in the B-O-Si bond angles with the B p O j-S q  angle being 153.1(3) and 
the B r 0 2-Si2 angle only 136.9(3). These d ifferences can be related to a com bination o f 
tw o effects within the linear m olecule. Firstly, unlike the cyclic borosiloxanes, there is no 
ring strain to d istort the angles about oxygen, and secondly the bulky substituents on 
silicon will prevent a coplanar arrangem ent in which the Si-O-B angles are equal and 
acute, and related by a plane o f sym m etry as shown in (A) below. Hence a structure based 
on (B) or (C) is expected from  steric considerations. D espite the differences in B-O-Si 
angles the pair Si-O  and B-O bond distances are not significantly different, [S ir O j,
1.637(3); Si2- 0 2, 1.647(3) A | and lB r O l5 1.360(5); B r 0 2, 1.361(5) A], indicating little 
d ifference in Si-O  or B-O bond energies.
W hile writing this thesis a paper appeared21* in which the structure o f the linear 
borasiloxane com pound 16 is described. The data are in com plete agreem ent with those 
determ ined at Bath. In addition a calculation was carried  out by Spalding and his 
cow orkers25 on H 2B -0 -S iX 3 (X = H, OH) investigating the effects o f substituents on B-O 
and Si-O  bond lengths and on the B-O-Si angle. Replacem ent o f H by OH on both boron 
and silicon atom s had little or no effect on the calculated m inim um -energy B-O-Si angle. 
C om parison o f  the bond distances from  the calculations suggests that while B-0$j 
d istances increase slightly with substitution o f  H by OH, S i-0 B distances decrease. From 
these calculations it was also notew orthy these species had approxim ately the sam e large
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range o f B-O-Si angle variation (ca 30°) within 5 kJ m ol ' 1 o f the m inim um  energies o f the 
m olecules. Thus in unstrained bora-siloxanes fairly large variations in Si-O-B angles can 
be accom m odated w ithout significant changes in S i-0  or B-O bond energies, as is evident 
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F igu re  5.6 T h e  asy m m etric  unit of P hB (P h 3SiO )2, co n ir J 16
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T ab le  5.6 F ractional atom ic coo rd ina tes an d  th erm al p a ra m ete rs  (A) for
A tom
P hB (P h 3SiO )2, com pound  16
x y z Ue(j
Si 1 0.67897(6) 0.03017(11 0.58477(5) ) ***
Si2 0 .84668(5) 0.11470(11) 0.78621(5) ***
B1 0.8010(2) 0.1965(4) 0.6505(2) ***
C2 0.6821(2) -0.2534(3) 0.6220(2) ***
C3 0.6635(2) -0.3684(3) 0.6578(2) ***
C4 0.6123(2) -0.3561(3) 0.7012(2) ***
C5 0 .5797(2 ) -0.2288(3) 0.7090(2) ***
C 6 0.5983(2) -0.1138(3) 0.6733(2) ***
C l 0 .6495(2 ) -0.1261(3) 0.6298(2) ***
C 8 0.6603(1) -0.1117(3) 0.4590(1) ***
C9 0.6812(1) -0.1637(3) 0.3996(1) ***
CIO 0.7500(1) -0.1338(3) 0.3848(1) ***
C l l 0.7979(1) -0.0519(3) 0.4293(1)
C12 0.7770(1) 0.0001(3) 0.4887(1) ***
C7 0.7082(1) -0.0298(3) 0.5053(1) ***
C14 0.5613(1) 0.1779(3) 0.5061(1) ***
C15 0.5052(1) 0.2748(3) 0.4967(1) ***
C16 0.4908(1) 0.3531(3) 0.5520(1) ***
C17 0.5305(1) 0.3346(3) 0.6165(1) ***
C18 0.5886(1) 0.2377(3) 0.2659(1) ***
C13 0.6030(1) 0.1594(3) 0.5706(1) ***
C20 0.7579(1) 0.3614(3) 0.5486(1) ***
C21 0.7677(1) 0.4778(3) 0.5097(1) ***
C22 0.8311(1) 0.5558(3) 0.5253(1) ***
C23 0.8847(1) 0.5176(3) 0.5798(1) ***
C24 0.8749(1) 0.4012(3) 0.6187(1) ***
C19 0.8115(1) 0.3231(3) 0.6031(1) ***
C26 0.7287(2) 0.2707(2) 0.8164(2) ***
C27 0.6604(2) 0.2916(2) 0.8344(2) ***
C28 0.6166(2) 0.1787(2) 0.8436(2) ***
C29 0.6412(2) 0 ,0 4 4 9 (2 ) 0.8347(2) ***
C30 0.7095(2) 0.0240(2) 0.8167(2) ***
C25 0.7533(2) 0.1370(2) 0.8076(2) ***
C32 0.9707(1) 0.2866(3) 0.8281(1) ***
C33 1.0208(1) 0.0356(3) 0.8763(1) ***
C34 1.0360(1) 0.3537(3) 0.9452(1) ***
C35 0.9564(1) 0.2815(3) 0.9659(1) ***
C36 0.9062(1) 0.2119(3) 0.9177(1) ***
C31 0.9134(1) 0.2144(3) 0.8488(1) ***
C38 0.9125(1) -0.1287(3) 0.8409(1) ***
C39 0.9378(1) -0.2692(3) 0.8414(1) ***
C40 0.9047(1) -0.3541(3) 0.7884(1) ***
C41 0.8552(1) -0.2983(3) 0.7349(1) ***
C42 0.8388(1) -0.1578(3) 0.7344(1) ***
C37 0.8388(1) -0.1578(3) 0.7344(1) ***
0 1 0.7481(1) 0.0996(3) 0.634991)
0 2 0.8482(1) 0.1824(3) 0.7103(1)
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T ab le  5.7 Selected bond lengths (A) and  bond angles (°) for P hB (P h 3S iO )2»
com pound 16
Bond Bond Bond Bond
L engths L engths
S i l-O l 1.637(3) S il-C l 1.885(3)
S il-C 7 1.877(3) S11-C13 1.877(3)
S i2 -0 2 1.647(3) Si2-C25 1.874(3)
Si2-C31 1.874(2) S12-C37 1.876(3)
O l- B l 1.360(5) 0 2 -B 1 1.361(5)
B1-C19 1.577(5) C 2-C 3 1.395(1)
C2-C1 1.395(1)
Bond Bond Bond Bond
Angles Angles
C l- S i l - O l 107.8(1) C 7-S il-()1 109.6(1)
C 7 -S il-C l 107.9(1) C13-Si 1- 0 1 108.5(1)
C 1 3 -S il-C l 109.5(1) C 13-S il-C 7 113.5(1)
C 25-S i2-02 108.6(1) C31-Si2-()2 110.7(1)
C31-Si2-C25 109.4(1) C37-Si2-C31 110.7(1)
C37-Si2-C25 110.5(1) B l-()2 -S i2 136.9(3)
B l-O l-S i l 153.1(3) C 1 9 -B 1 -0 1 123.9(3)
0 2 -B 1 -0 1 118.0(3) C1-C 2-C 3 1 2 0 .0 ( 1)
C 19-B 1-02 118.1(3) C24-C19-B1 118.3(2)
C 2 -C l-S il 119.4(1) C36-C31-Si2 118.6(1)
C 14-C 13-S il 1 2 1 .0 ( 1) C42-C37-Si2 118.8(1)












(°) n Si-O-Si(°) Ref.
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P h 6Si3( ) 3 1.640(1) 107.7(8) 131.8(8) 13
P h 3B3()3 1386(2) 121.7(2) 118.0(4)a 26
a <15-0-15
T ab ic  5.8 C o m p ara tiv e  geom etric  da ta  lo r Ph 15(Pli^Sit) )2 (com pound  16) and
re la ted  com pounds
5.5 THE STRUCTURE OF 2,2-DIMETHYL-4,6-DIPHENYL 
-l,3,5-TRIAZA-2-SILA-4,6-DIBORACYCLOHEXANE
A  m odel cyclic com pound containing Si-N-B linkages has been synthesised during 
the course  o f  this w ork,using a procedure describe previously29 for possib le use as a 
p receram ic po lym er precursor in the form ation o f Si3N4 ceram ic m aterials. The structure 
o f  M e2Si(PhB N H )2NH, com pound 19, has been determ ined by x-ray crystallography, and 
structural data com pared with those o f the only two known analogues, 
Ph 2Si(M e2B N )2N M e and M eB(Ph2SiM eN )2NM e, which contain 2:1 and 1:2 boron to 
silicon ratios respectively29. Final fractional atom ic coordinates and isotropic therm al 
param eters for com pound 19 are given in Table 5.9, and selected bond lengths and angles 
are show n in Table 5.10. Figure 5.7 shows the m olecular structure o f com pound 19 
together with the atom  num bering scheme.
The central six-m em bered SiB 2N3 heterocyclic ring in com pound 19 is almost 
planar, the m axim um  deviations from  the least squares planes through all the ring atoms 
being 0 .0087° (S i^ , -0.0637° (N ^ , 0.022° (B j), 0.0504° (N2), -0.0370° (N 3) and -0.218° 
(B2). T hese  data  are sim ilar to those described in the literature for the other two 
structu res29 which also contain essentially planar heterocyclic ring systems.
T he valence angles o f the title com pound at tetrahedral silicon |102 .2(1)° | and 
trigonal boron [119.1(3)° and 117.3(3)°J are less by ~4° and ~2° respectively than those in 
[PhB (Ph2S i0 ) 20 ] .  The final sum o f the internal angles o f the heterocycle Si-N-B in 
com pound  19 is close to ideal [L = 719.4°], as it is all p lanar six-m em bered ring 
com pounds spanning the spectrum  o f Si, B and N com binations i.e. (M e3C )6Si3N3H 3 [X = 
718 .50]3®, Ph2SiB2N 3M e5 [£  = 719.50]29 and Ph4Si2BN3Me4 |£  = 718 .9 ° |w . In the title 
com pound the internal angles o f an idealized hexagon | 1 2 0 °| are not m uch changed from 
ideal by the slightly sm aller tetrahedral and trigonal angles at silicon and boron 
respectively , as the angles at nitrogen increase slightly [127.0(2)°, 125.6(2), 128.2(2)°] as 
found in  rela ted  six-m em bered ring system s, Table 5.11.
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The bulky substituents attached to nitrogen have a considerable effect on the 
p lanarity  o f  the ring in cyclic silazanes and cause significant deviations from  planarity. 
F o r exam ple, (M e2SiN R )3, (R = SiM e3) has a boat conform ation31, but (C M e3FSiN R )3, (R 
= H  o r M e) has a p lanar conform ation32,33. By contrast bulky silicon substituents do not 
greatly  affect the p lanar conform ation. G eom etric data for com pound 19 are com pared 
w ith those o f related  structures in Table 5.11. these reveal that the m ean B-N bond length 
in the unit B -N (B) o f  the title com pound [1.425 A] is shorter than that in the B-N(B) unit 
in Ph2SiB 2N 3M e5 [1.441 A], this could be attributed to the nature o f the substituents on 
nitrogen. The m eanSi-N  bond length in the unit Si-N(Si) o f Ph4Si2BN 3M e4 [1.719 A ]29 is 
noticeably  shorter than the m ean Si-N (B ) unit in the same com pound [1.732 A], or in the 
title  com pound [1.728 A]. This could be due to the lone pair electrons o f nitrogen (N:) 
being m ore involved in the p(7t)-p(7i) bonding to the adjacent boron atom  in the Si-N(B) 
unit than in 7t-bonding in the Si-N (Si) units. Short bond Si-N(Si) bond lengths are 
com bined  with a w ide Si-N -Si bond angles, Table 5.11, as occurs in siloxane chem istry. 
H ow ever, for few  crystal structures are available for borasilazanes, and hence no firm 















T he  asym m etric  un it of M e2Si(P hB N H )2NH, com pound  19F igu re  5.7
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oT a b l e  5.9 F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  a n d  t h e r m a l  p a r a m e t e r s  (A) fo r
M e2S i(P hB N H )2N H , co m pound  19
Atom X y z U e q
Sil 0.13113(9) 0.68818(6) 0.48043(10) 0.0684(7)
N1 0.2965(2) 0.7203(2) 0.5210(3) 0.67(2)
N2 0.2441(2) 0.8723(2) 0.4099(2) 0.062(2)
N3 0.0431(3) 0.7885(2) 0.4007(3) 0.068(2)
B1 0.3432(4) 0.8027(2) 0.4809(3) 0.057(2)
B2 0.1011(4) 0.8695(2) 0.3717(3) 0.057(2)
C l 0.0866(4) 0.5816(3) 0.3778(4) 0.101(3)
C2 0.0964(4) 0.6634(3) 0.6182(4) 0.102(3)
C3 0.4967(3) 0.8178(2) 0.5095(3) 0.056(3)
C4 0.5347(3) 0.8798(2) 0.4382(3) 0.072(2)
C5 0.6707(4) 0.8922(2) 0.4614(4) 0.081(2)
C6 0.7699(4) 0.8438(3) 0.5577(4) 0.079(2)
C7 0.7358(3) 0.7817(3) 0.6317(3) 0.076(2)
C8 0.6011(3) 0.7697(2) 0.6067(3) 0.068(2)
C9 0.0098(3) 0.9547(2) 0.2933(3) 0.055(2)
CIO -0.0914(3) 0.9929(2) 0.3215(3) 0.071(2)
C ll -0.1688(3) 1.0706(3) 0.2566(4) 0.091(3)
C12 -0.1461(5) 1.01095(3) 0.1595(4) 0.089(3)
C13 -0456(5) 1.0735(3) 0.1291(3) 0.095(3)
C14 0.0314(4) 0.9979(2) 0.1966(3) 0.079(2)
HI 0.3683(31) 06780(25) 0.5755(33) 0.119(3)
H2 0.2774(37) 0.9300(19) 0.3887(34) 0.119(3)




Selected bond lengths (A) and bond angles (°) for
M e2Si(P hB N H )2NH , com pound 19
Bond B ond Bond Bond
L engths Lengths
S i l - N l 1.720(3) S il-N 3 1.741(3)
S i l - C l 1.855(4) S ilC 2 1.844(4)
N l - B l 1.425(4) N l-H l 0.976(18)
N 2-B1 1.435(4) N2-B2 1.430(4)
N 2-H 2 0.965(18) N3-B2 1.412(4)
N 3-H 3 0.977(18) B1-C3 1.576(5)
B 2-C 9 1.582(5) C3-C4 1.389(4)
C 3-C 8 1.399(4) C12-C13 1.385(6)
Bond Bond Bond Bond
A ngles Angels Angles
N 3 -S il-N l 102 .2(1) C 1-Si 1 -N 1 110.4(2)
C l-S il-N 3 111 .8(2) C2-SH-N1 112.8(2)
C2-S11-N3 110.7(2) C 2 -S il-C l 108.8(2)
B l - N l - S i l 127.0(2) H l-N l-S il 119(2)
H 1-N 1-B 1 114(2) B2-N2-B1 128.2(2)
H 2-N 2-B 1 117(2) H 2-N2-B2 115(2)
B 2-N 3-S il 125.6(2) H 3-N 3-Sil 118(2)
H 3-N 3-B 2 116(2) N2-B1-N1 117.3(3)
C 3-B1-N 1 122.3(2) C3-B1-N2 120.3(2)
N 3-B 2-N 2 119.1(3) C9-B2-N2 119.8(3)
C 9-B2-N 3 121.0(3) C4-C3-B1 121.1(3)
C 8-C 3-B1 122.4(3) C10-C9-B2 121.5(3)
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Compound






















128.2(2) 102.2(1) 117.3(3)-119.1 (3) 
118.2
This work






126.6(3) 104.4(1) 120.1(3)-! 19.3(3) 29






















(a) R=Me, R ^ P h ,  R2=H (b) R=Ph, R*=R2=Me 
(d) R=Me, R,=SiMe3 e d Si-N(Si) f Si-N-Si angle
(c) R=Ph, R'=P, R2=Me
T a b le  5.11 C o m p a ra t iv e  geom etr ic  data for M tv S K P h B N H ^ N II  (com p ou n d
19) : nd related co m p o u n d s
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C H A P T E R  S I X
TH E RM O LY SIS OF H ET E R O C Y C L IC SIL O X A N E  AND RELATED
M ATERIALS
6.1 SUMMARY
The therm al decom position o f the m odel com pounds whose synthesis was 
described  in chapter 4, can be divided into three stages. The first stage involves low 
tem perature isotherm al heat treatm ent (up to 220°C) which shows the ring-opening 
polym erisation  behaviour o f com pounds 6, 9, 10 and 14. Interm ediate heat treatm ent (up 
to 1200°C) was studied by therm ogravim etric analysis. The products at this stage were 
analysed by m icroelem ental techniques, x-ray diffraction and scanning electron 
m icroscopy. Finally , the high tem perature heat treatm ent (up to 1700°C) under an inert 
atm osphere produced solid residues which were analysed by several techniques, including 
x-ray diffraction, scanning electron m icroscopy with energy dispersive analysis and 
electron probe analysis.
6.2 E X PE R IM E N T A L
. 6.2.1 Low T em perature Heat Treatm ent
L ow  tem perature pyrolyses o f heterocyclic siloxanes containing eight- and 
six-m em bered rings with 1:1 and 2:1 silicon to boron ratio, com pounds 9 and 10 
respectively, were perform ed by placing weighed portions (300-500 mg) into an 
alum inium  oxide boat (50 x 20 x 20 m m), which was placed in an oven at 220°C for up to 
2 weeks, in contact with air at atm ospheric pressure. The same procedure was carried out 
for com pounds 6 and 14 which were heated to 300°C and 220°C respectively, for up to 3 
days. The w eight losses during those periods w'ere recorded, and the residues were 
analysed by infrared and NM R spectroscopies. Volatilisation o f com pound 9 was followed 
by heating a sam ple o f 100 mg to 220°C under a nitrogen gas flow  for 4 hours, using a 
reactor fitted with a cold finger to condense volatiles. The volatiles and the final residues
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w ere analysed by infrared, NM R spectroscopies and by mass spectrom etry.
6 .2 .2  In ter m ed ia te  H ea t T rea tm en t
Therm al gravim etric analyses were preform ed for a series o f com pounds on 40-100 
m g sam ples using a Setaram  TG A -92 (A ppendix II). Sam ples were placed in an alum ina 
crucible. Pyrolysis was carried out in the range o f 25-1400°C  under different atm ospheres, 
H e, N 2, or air, w ith a flow  rate o f 1 1/h, and a heating rate o f 2, 5 and 10°C/min. A 
schem atic d iagram  o f the main com ponents o f the Setaram  TG A -92 is in Figure 6.1. The 
final residues o f the pyrolysed m aterials were subjected to C, H and N m icroelem ental 
analysis, x-ray diffraction and scanning electron m icroscopy with energy dispersive 
analysis (A ppendix II). Typical experim ental conditions o f the pyrolysis process are 
show n in Table 6.1.
6 .2 .3  H igh  T em p er a tu re  H eat T rea tm en t
The high tem perature pyrolyses were carried out in two steps, firstly by placing 
w eighed am ounts (200-400 mg) o f the com pounds 6 , 9, 10 and 20 in an alum ina crucible, 
which was placed into a tube furnace (Appendix II). Sam ples were pyrolyzed to 800°C in 
a flow ing argon or air atm osphere at a m axim um  heating rate o f 2°C/m in. The residual 
m aterials were further pyrolyzed by heating in a flow ing argon atm osphere at an average 
heating rate o f 5°C /m in to 1700°C which tem perature was then m aintained for 1 hour, 
using an graphite resistance furnace A stro Industrial Inc (Appendix II). The final residual 
solids w ere exam ined by x-ray diffraction and scanning electron m icroscopy with 
dispersive x-ray analysis for qualitative m easurem ents and an electron probe analyser for 
quantitative m easurem ents (A ppendix II).
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Thermobalance







F igu re 6 .1 S ch em atic d iagram  of the m ain com pon en ts of the  Setaram
T G A -92
T a b le  6.1 
Compound
E xp erim en ta l con d ition s for the p yro lysis p rocess usin g  
th erm o g ra v im etr ic  an a lysis
Atm osphere Test Conditions Sample Wt.(mg) Residue Wt%
4 He pyrolysed to 600°C at 10°C/min 40.24 22.7
6 He pyrolysed to 650°C at 10°C/min 43.45 36.2
7 He pyrolysed to 650°C at 10°C/min 40.89 45.2
8 He pyrolysed to 1200°C at 10°C/min 47.50 48.7
9 He pyrolysed to 800°C at 10°C/min 77.17 4 1 .0
9 He pyrolysed to 1000°C at 10°C/min 69.19 37.4
9 He pyrolysed to 1200°C at 10°C/min 79.33 36.1
9 He/Air pyrolysed to 650°C under He, then 
isotherm for 2 h under air to 1200°C
53.83 38.2
9 n 2 pyrolysed to 500°C at 10°C/min 57.43 65.0
9 n 2 pyrolysed to 800°C at 10°C/min 50.26 39.2
9 n 2 pyrolysed to 1200°C at 10°C/min 52.98 35.1
9 n 2 pyrolysed to 1500°C at 10°C/min 57.81 30.3
9 Air pyrolysed to 500°C at 10°C/min 50.82 68.4
9 Air Pyrolysed to 800°C at 10°C/min 47.22 36.1
9 Air pyrolysed to 1200°C at 10°C/min 88.49 30.3
9 Air pyrolysed to 1000()C, then isotherm  
for 1 h and pyrolysed to 1400°C at 
10°C/min
59.65 22.9
10 He pyrolysed to 800°C at 10°C/min 57.96 38.9
10 He pyrolysed to 1000°C at 10°C/min 51.86 32.1
10 He pyrolysed to 1300°C at 10°C/min 59.38 20.9
10 Air pyrolysed to 1000°C at 10°C/min, 





11 He pyrolysed to 600°C at 10°C/min 54.79 no residue
12 He pyrolysed to 300°C at 10°C/min 49.39 no residue
14 He pyrolysed to 150°C at 10°C/min, then 
at 5°C/min to 650°C
40.90 47.9
14 He pyrolysed to 150°C at 2°C/min, then 
pyrolysed to 900°C at 10°C/min
45.32 37.2
15 He pyrolysed to 600°C at 10°C/min 49.17 no residue
15 He pyrolysed to 600°C at 2°C/min 58.56 no residue
16 He pyrolysed to 250°C at 10°C/min, then 
pyrolysed to 600°C at 5°C/min
48.67 no residue
16 He pyrolysed to 600°C at 10°C/min 44.09 no residue
19 He pyrolysed to 800°C at 10°C/min 40.32 no residue
20 He pyrolysed to 800°C at 10°C/min 101.4^ 18.5
20 He pyrolysed to 1200°C at 10°C/min, 
isotherm for 1 h
61.08 17.2
(Ph2SiO )3 Air pyrolysed to 1200°C at 10°C/min 61.95 no residue
(Ph2SiO )3 He pyrolysed to 800°C at 10°C/min 47.60 no residue
(Ph2SiO )3 He pyrolysed to 1000°C at 10°C/min 73.14 no residue
(M e2SiO )3 He pyrolysed to 600°C at 10°C/min 66.39 no residue
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6.3 R E SU L T S A N D  D ISC U SSIO N  O F TH E T H E R M O L Y SIS PR O C ESSES
6.3.1 L ow  T em p eratu re  H eat Treatm ent o f [P h B (S i0 P h 2 ) 0 ] 2  and P h B [(0 S iP h 2 )2 0 ]
H eterocyclosiloxanes are form ally derived from conventional cyclosiloxanes via 
the rep lacem ent o f  a skeletal silicon atom  by an atom o f another m ain group elem ent or 
transition m etal, as w as discussed earlier in chapter 2 1,2. Com pared to the cyclic siloxanes, 
very few attem pts to polym erise heterocyclosiloxanes have been reported3. Studies o f 
these com pounds should provide valuable insight into how the presence o f different 
skeletal atom s, such as boron, influence polym erisability. Furtherm ore, successful 
ring-opening polym erisation o f heterocyclosiloxanes would provide a route to new 
inorganic polym ers which should display interesting and potentially useful properties4.
In this section the results will be discussed o f the low tem perature isotherm al heat 
treatm ent o f heterocyclosiloxanes containing boron with 1:1 and 2:1  silicon to boron atom
o
ratios, com pounds 9 and 10 respectively. The covalent radius o f the boron atom (0.80 A) 
is considerably sm aller than that o f  silicon (1.17 A) and so the replacem ent o f silicon by 
boron in a siloxane ring m ight be expected to increase significantly the ring-strain present5 
and hence the polym erisation behaviour detected6. M any cyclic siloxanes are known to 
undergo ring-opening polym erisation in the presence o f acidic or basic catalysts. 
K (O SiM e3) has been used previously as an initiator in ring opening polym erisation7, with 
strained ring com pounds particularly  susceptible to S i-0  bond breaking.
Polym erisation experim ents were carried out for com pounds 9 and 10. These 
involved therm ally induced reactions in the m elt and were carried out in the absence of 
externally added acid or base initiators. Figure 6.2 shows the weight losses versus time at 
220°C for com pounds 9 and 10. The final weight losses were about 40% and 35% 
respectively. T hese w eight losses are due to the volatilisation o f low m olecular weight 
cyclic species form ed by redistribution reactions. Significant quantities o f volatilised 
m aterials were isolated  when a sam ple o f com pound 9 was isotherm ally heated for 4 hours
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at 220°C  under an inert gas flow using the cold finger technique. No further volatilisation 
w as noted after over-night isotherm al heat treatm ents. The condensed volatile residue was 
identified  by infrared, NM R spectroscopies and m ass spectrom etry, which show 
conclusively  that the volatile is a cyclic boroxine species (PhBO )3. F igure 6.3 shows the 
m ass spectrum  o f  the condensed volatile, which is identical to that o f (PhBO )3.
The final involatile solid residue from  the low tem perature isotherm al heat 
treatm ent was exam ined by ’H NM R spectroscopy which shows m ultiple broad peaks at 
7 .0 -7 .6  due to several phenyl-containing siloxanes or heterosiloxanes. The infrared 
spectrum  of this residue, Figure 6.4, shows a broad peak at 3215 cm ' 1 indicative o f Si-OFl, 
B -O H  or adsorbed m oisture. Bands at 3074-3003 cm ' 1 and 1600 cm ' 1 represent aryl C-H 
and Ph ring m odes. O ther noticeable peaks at 1128 cm ' 1 and 1080 cm ' 1 represent -CH 2-Si- 
deform ation, and the peak at 1028 cm ' 1 represents the stretching frequency o f Si-O-C 
and/or Si-O -Si open chain. The infrared spectrum  contains a band at 1344 cm ' 1 which 
indicates that a significant am ount o f B-O is present in the final residue.
These resu lts indicate that the final residue o f the low tem perature isotherm al heat 
treatm ents has a low er boron content than the initial product and consists o f large rings 
and/or chains o f borasiloxanes. These rings and/or chains attain equilibrium  only slowly 
and may be interm ediates in the processes occurring during interm ediate tem perature heat 
treatm ent, as will be discussed later. The release o f the ring strain in com pounds 9 and 10 
due to the presence o f boron is clearly one of the driving forces behind the ring-opening 
polym erisation observed. The slow form ation o f volatile, stable (PhB O )3 provides another 
driving force for the redistribution reactions which are probably catalysed by traces of 
m oisture initiating Si-O H  form ation.
R ing-ring transform ation reactions have been detected previously in heterosiloxane 
chem istry. For exam ple, treatm ent of T iC l4 with L iO SiPh2O SiPh2OLi resulted in 
eight-m em bered titanatetrasiloxane rings rather than the expected six-m em bered ring 
p roduct8. The lack o f  stability o f the sm aller ring product has been attributed to the strain 
energy likely to be present in the expected six-m em bered ring. By contrast, ring-ring
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transform ations are dom inant with many other inorganic ring system s9.
During the course of this work, M anners and his cow orkers10 reported sim ilar acid 
catalysed thermal behaviour for heterocyclicsiloxanes containing boron atoms. Samples of 
PhBO (R2SiO )2 (R = M e or Ph), were heat treated in the presence of 1.0 mol%  of the 
initiator K(OSiM e3) at 200°C. The residual silicon-containing products consisted mainly 
of larger rings containing a single boron atom which was detected by NM R techniques. 
They also isolated a significant am ount of (PhBO )3 during the polymerisation processes. 
In contrast, reaction of cycloborasiloxanes with 1.0  mol% of triflic acid in CH 2C12 at 
-80°C, followed by warming to room tem perature, yielded the cyclic siloxanes (R2SiO)x, x 
= 3, 4 together with (PhBO)311. No larger borosiloxane rings and/or polymers were 
detected as intermediates during the polymerisation processes. This suggests that cationic 
initiation is more effective than initiation with base for the ring-ring transformation 
reaction, as the reaction proceeds cleanly and rapidly to the therm odynam ically favoured 
siloxane and boroxane products. The m echanism  for ring-ring transform ation reaction for 
the formation o f larger borasiloxane rings containing a single boron atom suggested by 
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This m echanism  involves initial attack o f (~OSiMe3) at the silicon atom o f the 
heterocyclosiloxane which induces ring-opening to generate an anionic open-chain 
species. A longer chain  m ight then be form ed by attack o f another heterocyclicsiloxane 
m olecule. C yclization o f  this species via a back-biting reaction could then afford a large 
boracyclosiloxane ring  and w ould generate a new anionic species which m ight initiate 
further ring-ring transform ation reactions. Because o f the overall com plexity o f the 
equilibration process, no detailed  m echanism s for siloxane and boroxane form ation were 
proposed.
Therm ally  induced  ring-ring transform ation reaction m echanism s for the form ation 
o f larger borasiloxane rings or chains, sim ilar to those suggested by M anners, can be 
proposed for the therm al decom position o f com pounds 9 and 10 during low tem perature 
isotherm al heat treatm ents. If initiated by m oisture, it would be expected to lead to the 
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F ig u r e  6 .4  Infra-red  s p e c tr u m  ol’ the  final r e s id u e  h ea ted  at 2 2 0 ° C  from
P I^ B jC O S iP l^ h O j ,  c o m p o u n d  9
6.3.2 In term ediate H eat Treatm ent o f [P h B (0S iP h 2 ) 0 ] 2 and  
[P h B (0 S iP h 2 )2 0 ]
P yro lysis o f  com pound 9 and 10 under an inert atm osphere up to 1200°C.
The curves o f weight loss versus tem perature/tim e for com pounds 9 and 10 from 
room  tem perature to up to 1200°C in a stream o f inert gas (He or N2) are shown in Figures 
6.5a and 6 .6 a respectively. The initiation tem peratures o f the therm al decom position o f 
both com pounds are about 250°C, and the therm al decom position for both com pounds 
under an inert atm osphere takes place in two main steps. The first step o f the 
decom position is in the 250-460°C range, and the second step is in the 460-680°C  range. 
The first decom position step o f com pounds 9 and 10 involves about 30% and 45%  weight 
loss respectively , and the total w-eight loss at 1200°C is 65% and 70% respectively.
Scanning electron m icroscopy o f the residual decom position products at 1200°C 
from  both com pounds 9 and 10 indicates that the residues are black glassy am orphous 
solids, Figure 6.7. The structure o f the solid residue suggests that during the course o f the 
decom position it has passed through a liquid phase, from which the glassy phase was 
form ed. There is clear evidence in Figure 6.7 of bubbles presum ably resulting from 
volatile products which were trapped in the solidifying glassy m atrix. The m ainly 
am orphous nature o f the residue is confirm ed by x-ray diffraction analysis. In som e cases 
weak and broad peaks can be assigned to SiC at 2.51 A and a strong peak at 3.18 A 
assigned to B (O H )3 , Table 6.2. The broad and w-eak peaks o f SiC may be due to the small 
crystal size and m arginal crvstallinity o f SiC or both; the broad peaks also could be 
attributed to the presence o f disorder in the SiC crystals, in other words, crystallinity is 
developing gradually  on therm al treatm ent. The m ajor peak at 3.18 A indicates the 
presence o f crystalline B (O H )3 which presum ably form s by hydration o f B20 3 on 
exposure to hum id air. The presence o f Si, C and O atom s in the residual decom position 
products at 1200°C for both com pounds has been con finned by scanning electron 
m icroscopy with energy dispersive x-ray analysis. Figure 6 .8 a and 6.9 show the intensity
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and the position  o f  the x-ray peaks for com pound 9 and 10 respectively. B oron is difficult 
to detect by this technique, because it is a light elem ent and the positions o f  the boron and 
carbon peaks are sim ilar. M icroelem ental analyses o f  the solid residues o f  com pounds 9 
and 10 pyro lysed  to 1200°C in an inert atm osphere reveal a concentration o f carbon in the 
range 30-35% , T able  6.2. This suggests that free carbon is also present in the glassy solid 
fo r the fo llow ing reasons.
A ssum ing that all B and Si atom s are retained in the solid residue o f  com pounds 9 
and 10 at 1200°C in inert atm osphere the decom positions can be represented for 
com pounds 9 and 10 respectively as:
1200°C t
C 36H 30S 12B 2O 4 ------------ ► 2SiC  + B 2O 3 + nC  + C 34nH 30O
( i )
1200°C
2 C 3 0 ^ 2 5 ^ 2 ^ O 3 ► 4SiC  + B20 3 + nC  + ^ 56-11^ 25^ 3 ^
He
(2 )
A free carbon content o f 30-35 wt% implies that n = 5-7 and n = 9-10 for equation 
1 and 2 respectively . These values o f n translate to weight losses o f 66-71 % for 
com pound 9 and 65-66 % for com pound 10 that are in reasonable agreem ent with the 
w eight losses obtained by therm ogravim etric analysis for com pounds 9 and 10, o f 68 and 
70 % respectively , particularly when the uncertainty in these calculations due to possible 
volatilisation o f B -containing species in the early stages o f decom position is considered
C onsidering the thermal decom position o f com pounds 9 and 10 in an inert 
atm osphere to 1200°C, the cyclic borasiloxanes are ultim ately converted to a glassy 
residue containing SiC, B20 3 and free carbon. An outline m echanism  for this conversion 
process is sketched in D iagram  6.1. Therm ogravim etric analysis show s that there are 
tw o m ain processes occurring at 250-460°C and 460-680°C. In the first decom position 
step (250-460°C ) for com pounds 9 and 10, it is suggested that there is ring opening 
polym erisation and ring-ring transform ation reactions o f the central Si-O-B ring,
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accom panied by slow  volatilisation o f boron containing species, as was detected in the 
low  tem perature studies. These will lead to the form ation o f polym er/chain interm ediates 
contain ing  d ifferen t Si-O -B ratios. It is also possible that scission o f substituent phenyl 
groups occurs fo llow ed by their condensation to form  polyarom atic hydrocarbons (which 
are know n to be precursors o f free carbon).
The second step o f decom position (460-680°C) o f the therm ogravim etric analysis 
involves further decom position o f the polym er interm ediates with the elim ination o f 
volatiles and the form ation o f am orphous solids rich in B, Si, C and O. A t the sam e time 
polyarom atic hydrocarbons will condense to form  free carbon. The form ation o f the glassy 
phase involves m elting and it is significant that the m elting point o f B2O 3 is about 460°C. 
Therefore, it is reasonable to suppose that the relatively low melting tem perature o f B2O 3 
facilitates the form ation o f the glassy phase. As the tem perature increases towards 1200°C 
silicon-containing m oieties react with carbon to form SiC which begins incipient 
crystallisation.
Pyrolysis o f  com pound 9 and 10 in an air stream  up to 1200°C.
The TG curves o f com pound 9 and 10 for pyrolysis from room tem perature to 
1200°C in a stream  o f air. Figure 6.5b and 6 .6 b respectively, are sim ilar to those obtained 
on pyrolysis in an inert atm osphere. Figure, 6.5a and 6 .6 a, with the two distinct 
decom position steps occurring in sim ilar tem perature ranges. Scanning electron 
m icroscopy with energy dispersive x-ray analysis show a considerable increase o f oxygen 
in the final residue o f  com pound 9 pyrolyzed to 12()0°C in air com pared with pyrolysis in 
an inert atm osphere, Figure 6 .8 a and 6 .8 b. Sim ilar behaviour was also found for 
com pound 10 com paring pyrolysis to 12(K)°C in air and inert atm osphere. Table 6.2 shows 
that the carbon contents o f the solid decom position products from both com pounds heated 
in air to 1200°C are considerably lower than these obtained after pyrolysis in an inert 
atm osphere. This reduction in carbon content can be attributed to the reaction o f free 
carbon with oxygen from  the stream  o f air to form CO and/or C 0 2 gases above 800°C.
Pyrolytic conditions have a considerable influence on the com position o f the final
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residue. Thus, changing  the pyrolysis atm osphere from inert gas to air will lead to 
d ifferent residual products with different chem ical com positions, Table 6.2 and Figures 
6 .8 a and 6 .8 b. Therm ogravim etric studies show that varying the heating rate in the range 
2-10°C/m in had no effect on the slope o f the therm ogravim etric curve. Therefore, nearly 
all o f  the therm ogravim etric analyses have been carried at a constant heating rate of 
10°C/min.
There have been few published studies exploring the potential o f polym ers 
containing Si-O -B linkages as preceram ic polym ers (Chapter 3). 
Poly(boradiphenylsiloxane) (PB)p which contains B, Si O, C and H, has been synthesised 
previously by the reaction o f boric acid and diphenvldichlorosilane, and its thermal 
decom position com pared with that o f polycarbosilane (containing Si, C and H )12. 
Form ation o f an interm ediate am orphous state before form ation o f fine particles o f SiC 
was detected  for both system s13. O f the various organom etallic polym ers, boron polym ers 
are generally  heat resistant but not very m oisture p roof14. Vale reported the production o f 
polyboradim ethylsiloxane (PB)m from boric acid and dim ethyldichlorosilane15. The 
therm al decom position processes o f (PB)p and (PB)m were com pared and Figure 6.10 
shows the therm al analysis curves obtained by Vale for (PB)p and (PB)m from room 
tem perature to 500°C  under a stream  of a ir12. Therm ogravim etric analysis o f (PB)p was 
exam ined up to 1200°C in a stream o f N 2 gas, and the TG curve was alm ost the same as 
that obtained in air at 500°C. The thermal decom position initiation tem perature is about 
150°C which is considerably  lower than the initiation tem perature o f com pounds 9 and 10 
(ca. 250°C). Y ajim a suggested that in the pyrolysis of (PB)p, the organic group is 
decom posed at 1000°C, and an am orphous phase containing m any elem ents is obtained. 
By further pyrolysis the residual product contains crystalline SiC and graphite as 
confirm ed by x-ray d iffrac tion16. These therm olysis results are broadly consistent with 
those obtained for the therm olysis o f com pounds 9 and 10 after interm ediate tem perature 
heat treatm ent. In particular there are broad sim ilarities with the present work and the 
m echanism s outlined earlier for the form ation o f the glassy phase. Diagram  6.1, may have
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som e relevance to the decom position o f (PB)p and (PB)m.
It w ould be o f great value to determ ine the identity, rate o f evolution and total 
am ount o f the m ajo r volatile products across the entire range o f the therm ogravim etric 
analysis, for exam ple, by gas-liquid chrom atography (GLC), and/or m ass spectrom etry 
(M S) analysis o f volatiles. This inform ation, along with spectroscopic, elem ental and 
m icrostructural analysis o f the residue at various stages o f the therm al conversion process, 
would enable m ore precise identification o f the chem ical m echanism s o f degradation and 
m icrostructural evaluation. This type o f inform ation is greatly needed in order to 
understand and control the therm al conversion process and hence the chem ical 
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F ig u r e  6 .6b  T h e r m o g r a v im e t r i c  an a ly s is  o f  P l iB [(O S iP h 2)2 0 ] ,  c o m p o u n d  10,
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F igure  6.7 S cann ing  electron  m icrographs o f am o rp h o u s  residue from
com pound  9  pyrolysed to I2 ()0 °C u n d e r an inert a tm o sp h e re
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F ig u re  6.10 T h e rm o g rav im etr ic  analysis of po lyborad iphenvlsiloxane and
polvborad im ethy lsiloxane in a s tre a m  of n itrogen  gas (from
refe rence  13)
-173-
C om pound Pyrolysis T em peraure  




Elem ental Analysis X-Ray Diffraction (Principal Peaks (A) 
C(% ) H(% ) N(% ) and assignm ents
9 1200°C/Air 67.9 8 . 1 0 0.5 0 . 0 6 .0 8 ,5 .9 4 ,3 .1 8  [B(O H )3]
9 1200°C/H e 65.1 30.5 0 . 1 0 . 0 6 .0 8 ,5 .9 4 ,3 .1 8  [B(O H )3] 
2 .5 1 ,1 .5 4  [SiC]
9 1200°C/N 2 65.8 32.1 0 . 1 0 . 2 6 .0 8 ,5 .9 4 ,3 .1 8  [B(O H )3]
9 800°C/Air
1700°C/Ar 85.1 27.2 0 . 1 0 . 0 2.52, 2 .1 8 ,1 .5 4 ,1 .3 1 , 0.89 [SiC]











2.52, 2 .18 ,1 .5 4 , 1 .31 ,0 .89  [SiC] 
4 .0 5 ,3 .1 4 , 2.49 [S i()2]
1 0 1200°C/Air 73.6 9.10 0.3 0 . 0 6.08, 5.94, 3.18 [B(O H )3]
1 0 1200°C/IIe 72.2 35.2 0 . 2 0 . 0 6 .0 8 ,5 .9 4 ,3 .1 8  [B(O H )3]
1 0 800°C/Air
1700°C/Ar 82.4 30.1 0 . 1 0 . 0 2.52, 2 .1 8 ,1 .5 4 ,1 .3 1 , 0.89 [SiC]
1 0 800°C /A r
1700°C/Ar 83.1 29.5 0 . 1 0 . 0 2.52, 2 .1 8 ,1 .5 4 ,1 .3 1 , 0.89 [SiC]
T able 6.2 Analysis o f the solid residue from  the heat treatm ent up to 1400°C
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6.3.3 H igh T em perature H eat T reatm ent o f  [PhB(0 SiPh 2 )0 ] 2  and [PhB(O SiPh 2 )2 0 ]
Both [PhB (SiO Ph2)OJ2 and PhB [(O SiPh2)2OJ, com pounds 9 and 10  respectively, 
w ere pyro lysed  up to 1700°C in two stages in d ifferent furnaces: stage 1 from  ambient 
tem perature to about 800°C in a tube furnace under argon or air atm osphere and, stage 2 
from  am bient tem perature to 1700°C in a graphite resistance furnace under an argon 
atm osphere. T he tw o-stage procedure was adopted to m inim ize contam ination o f the 
graphite resistance furnace by decom position products, as m ost o f the weight loss occurs 
betw een 250-650°C , as indicated by therm ogravim etric analysis, Figures 6.5 and 6 .6
Scanning electron m icrographs o f the solid residues after heat treatm ent o f 
com pounds 9 and 10 to 1700°C show a m atrix o f well form ed m icrocrystals o f silicon 
carbide, F igure 6.11 and 6.12 respectively. A com parison o f Figures 6.11 and 6.12 with 
F igure 6.7 clearly  shows that on heat treatm ent from  1200°C to 1700°C there is a 
transform ation o f the solid residues from  an am orphous form to a crystalline form. 
Chem ical elem ents present in the residual product were detected by scanning electron 
m icroscopy with energy dispersive x-ray analysis. Figures 6.13 and 6.14 show the position 
and intensities o f the Si and C x-ray peaks for com pound 9 and 10 respectively, obtained 
from  the m icrocrystalline m atrix o f silicon carbide form ed on heat treatm ent to 1700°C. 
The in tensities and positions o f the x-ray peaks are sim ilar to a standard SiC sample, 
Figure 6.15. The solid residues o f the high tem perature heat treatm ent o f com pounds 9 and
S o
10 w ere analysed by x-ray diffraction which shows m ajor peaks at 2.51, 1.54 and 1.31 A, 
attributed to SiC, Table 6.2.
Interestingly, some whiskers were detected in the solid residue form ed from 
com pound 9 at 1700°C, Figure 6.20. A lthough the whiskers could not be positively 
identified they are possibly SiC. Several w orkers17,18 have shown that whiskers o f SiC can 
be grown under special conditions. The characteristic o f spiral growth on the surface o f 
SiC crystals was first reported by Tone in 190719.
A few large crystals (size ca 10 fim) em bedded in the crystalline SiC m atrix were
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detec ted  by scanning electron m icroscopy for com pounds 9 and 10, Figures 6.16 and 6.17 
respectively . T hese m icrographs also show the w ell-developed m icrocrystalline m atrix o f 
SiC  with crystals ranging from sub-m icron size to a width o f about 3-4 p.m. A lso  some 
w hiskers o f d ifferen t thicknesses up to ca 2 pm  are seen, F igure 6.16. Scanning electron 
m icroscopy with energy  dispersive x-ray analysis o f  the large crystals show  two peaks 
corresponding  to  B and  C (i.e a boron carbide) w hich were detected for both com pounds 9 
and 10, F igures 6.18 and 6.19. N o x-ray diffraction evidence for crystalline boron or 
silicon oxides was found in the solid residues form ed on pyrolysis to 1700°C.
Large single crystals were detected when a sam ple o f com pound 9 w as pyrolysed 
to 1700° under an inert atm osphere, Figure 6.21. These were identified as B4C crystals by 
com puter m odelling using a "Growth and Equilibrium  M orphology" program  (M iller 
Index) to generate m odel B4C o f space group R 3-M H, Figure 6.21. The program m e was 
run by D r S P arker in the School o f Chem istry, U niversity o f Bath. The large size o f the 
B4C crystals, com pared to the SiC crystals, suggests that nucleation o f B4C crystals is 
m ore difficult, but once they are nucleated, the em bryonic crystals grow quickly as a result 
o f  rapid diffusion o f B and C. The later stages o f the pyrolysis process, from  1200° to 
1700°C seem to be quite insensitive to the processes occurring in the early stages of 
decom position, since pyrolysis o f both com pounds 9 and 10 results in sim ilar products at 
1200°C. S im ilar products at 1700°C are also obtained if  the com pounds are heated in an 
air atm osphere to 800°C (rather than in inert atm osphere) and then subsequently  heat 
treated in an inert atm osphere to 17()()UC.
The pyrolysis processes occurring during heat treatm ent o f com pounds 9 and 10 to 
1200°C were d iscussed  in section 6.3.2, D iagram  6.1. For both com pounds it was 
concluded that the solid residue is a glassy phase containing SiC, B20 3 and free carbon. 
The reactions occurring  on further heat treatm ent from  1200° to 1700°C are sim ilar for 
both com pounds and appear to involve two processes. The first process is further 
crystallisation o f SiC  (som e evidence for crystallisation o f SiC was seen at 1200°C), Table 
6.2. The second process can be attributed to the carbotherm al reduction o f B20 3 by free
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carbon. It is w ell know n that carbotherm al reduction o f B 20 3 can occur at tem peratures 
above 1400°C, particu larly  if  the carbon is finely d iv ided17.
2 B20 3 + 7 C— * B 4C  + 6  CO
The phase d iagram s for silicon and boron carbides are illustrated in Figures 6.22. 
B oth B4C and SiC  are solid  to tem peratures considerably higher than 1700°C. SiC exists 
in stoichiom etric fo rm  with 30 wt%  C; B4C can be found in a w ide non-stoichiom etric 
range from  close to the stoichiom etric value o f 21.7 wt% C, to 10 wt% C, i.e. with a 
considerable excess o f B over the stoichiom etric value. It is well known that boron can 
replace carbon in the B4C lattice to a considerable ex ten t17. The large crystals o f B4C were 
studied using quantitative electron probe m icroanalysis. Table 6.3 shows the quantitative 
results for a standard  reference sam ple o f B4C with the corresponding results for the B4C 
crystals em bedded in the SiC crystalline m atrix for com pounds 9 and 10, The results for 
the standard crystal and the B4C crystals form ed from com pounds 9 and 10 lie within the 
non-stoichiom etric range found for B4C.
Table 6.3 Q uantitative results o f B 4C m icrocrystals present in the solid
residue from  the heat treatm ent at 1700°C o f Ph 2 B 2 (0 SiPh 2 ) 2 0 2  
and PhB [(O SiPh 2 )2 0 ]  (com pounds 9 and 10 respectively) with  




Standard 83.1 9.50 92.7
Compound 9 85.5 14.2 99.7
Compound 10 78.8 20.9 99.8
Som e evidence for segregation was found in the solid residue o f com pound 9 heat
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trea ted  to 1700°C in an inert atm osphere, F igure 6.23, in the form  o f a dark  centre line in 
^  transverse section o f  the solid residue. It is possible that this results from  a segregation 
p rocess accom panying solidification. The glassy appearance o f the solid residue produced 
at 1200°C suggests that the m aterial is in the liquid state at high tem perature (see earlier). 
O n cooling, solidification will proceed from  the outside surface tow ards the centre line o f 
the solid. A ny im purities and/or insoluble species will be precipitated in the centre line on 
final solidification. The ED X  line spectrum  for oxygen, F igure 6.24, from  the dark centre 
line and  the edge profiles suggests that there is a some oxygen depletion at the centre line. 
F igure  6.25 show  the corresponding line spectrum  for carbon. Carbon content increases at 
the centre line. It has been shown that the solid residues fired at 1200°C from  com pounds 
9 and 10 contain free carbon. Thus it is possible that the dark centre line results from 
segregation o f som e o f the free carbon during the solidification process.
The residue o f com pound 9 which was pyrolysed to 1700°C under an inert 
a tm osphere, w as subsequently heat treated to 1200°C in air in the therm obalance, Figure 
6.26. The therm ogravim etric curve show s that the decom position o f the residue is initiated 
at a tem perature o f about 5()0°C, and involves about 40% weight loss in the 500-700°C 
range, follow ed by a w eight gain o f 10% at tem peratures above 700°C. X-ray diffraction 
peaks for the residue are found at 4.05 ( 1 0 0 ), 3.14, 2.84, 2.48, 1.61 and 1.53 A, which 
correspond to m icrocrystalline S i0 2. These results were supported by scanning electron 
m icroscopy with energy dispersive x-ray analysis which confirm s the presence o f Si and 
O, together with small am ounts o f C, Figure 6.27.
Reactions 1 and 2 described earlier indicate that there are substantial am ounts of 
free carbon after heat treatm ent to 1200°C in an inert atm osphere and it is reasonable to 
suppose that significant am ounts o f free carbon rem ain after carbotherm al reduction o f 
B 20 3. Therefore, the m ost likely reason for the initial weight loss on heating com pound 9 
in air is rem oval o f  free carbon as CO  and/or C 0 2. The 10% weight gain m ay correspond 
to the partial form ation o f S i0 2 in the 700o-120()°C tem perature range. This suggestion is 
consistent with the experim ental results, and it is known that SiC can form  a layer o f S i0 2
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on the surface which is protective o f further oxidation. The S i0 2  film  is stable up to 
1550°C20.
The weight losses for compounds 9 and 10 on heat treatment above 1200°C are 
small (15 and 19% respectively), the total weight losses were 85% and 89% respectively 
for compounds 9 and 10 pyrolysed to 1700°C under an inert atmosphere. Equations 3 and 
4 show how the solid products (SiC, B2 0 3 and free C) formed by intermediate heat 
treatment o f  com pounds 9 and 10, (see equations 1 and 2 ) are transferred to crystalline SiC  
and B 4 C.
1700°C t
4SiC  + 2 B 2 0 3  + 2 n C  ► 4SiC  + B 4C + 6 CO + (2n-7)C
Ar (3)
1700°C 4
8 SiC  + 2B 2 0 3  + 2nC  ► 8 SiC + B4C + 6 CO + (2n-7)C
Ar (4)
The yield o f  the final residues in equation (3) above corresponds closely with the 
value expected for quantitative conversion o f com pound 9 to SiC plus B4C (83%) in the 
m olar ratio  o f 4:1, Equation 3. Therm olysis o f com pound 10 under sim ilar conditions 
follow ed a very sim ilar pattern with quantitative conversion to a m ixture o f SiC and B4C 
(81% ) in the m olar ratio  8:1 Equation 4. These values for the total w eight losses are
consistent with the m olecular com position o f the final residues containing SiC and B4C.
The low tem perature heat treatm ent shows that some B is volatilised as (PhBO )3, but no 
further volatilisation o f B -containing species occurs under interm ediate and higher heat 
treatm ent pyrolysis conditions.
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Figure 6 .11 S canning  electron m icrographs o f  m icrocrystalline SiC from
P h 2B2(0 S iP h 2)2 0 2 » com pound *>, pyrolysed to 1700°C under an 
inert atm osp h ere
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Figure 6.12 Scanning electron m icrographs o t  m icrocrystalline SiC from
PhB [(O SiP h 2)20 ] ,  com pound 10, pyrolysed to 1700°C under an 
inert atm osphere
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F ig u re  6.13 E n e rg y  d ispers ive  x -ray  ana lys is  o f  th e  m ic ro c ry s ta l l in e  S iC
p re se n t  in th e  final solid re s id u e  f ro m  P f ^ I ^ O S i P I ^ O j ,




F ig u r e  6.14 E n e rg y  d isp ers iv e  x -ray  ana lys is  o f  th e  m ic ro c ry s ta l l in e  S iC
p re sen t  in th e  final solid re s id u e  f ro m  P h B [ (O S iP h 2)2 0] ,
c o m p o u n d  10, a t  1700°C
Figure 6.15 Energy dispersive x-ray analysis o f  standard SiC
Figure 6.16 Scanning electron micrographs o f  large crystals o f  B4C (A) over
m icrocrvstalline SiC matrix (B) and whiskers at (C) from  
P h 2B2(0 SiI>h2)2 0 2 i com pound 9, pyrolvsed to I700°C
- i S6-
Figure 6.17 Scanning electron m icrographs o f  large crystals o f  B4C (A) 
em bedded  over m icrocrystalline SiC matrix (B) from  
P h B ftO S iP tb M )! ,  com pound 10, pyrolvsed to 170()°C
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Au
Energy dispersive x-ray analysis o f  the large crystals o f  B4C 
em bedded on a microcrystalline matrix o f  SiC in the residual 





Figure 6.19 Energy dispersive x-ray analysis o f  the large crystals o f  B4C
em bedded on a m icrocrystalline matrix o f  SiC in the residual 
decom position product o f  PhB[(O SiPh2)2()], com pound 10, 
pyrolvsed to 1700°C
Figure 6.20 W hisker  present in the solid residue ol P t^ tM O S iP l^ b ^ Z ’
com pou n d  9, heated at 1700°C
Figure 6.21 Scanning electron m icrograph o f  large crystals o f  B4C (A) in a SiC
matrix (B) drived from P fb B i^ X S iP I^ M ^ , com , ' 9, and a 
com puter generated model of  B4C o f  space group R3-M H (C)
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* Figure 6 .22 Phase diagram s o f  Si-C and B-C
F igu re  6.23 Evidence fo r cen tre  line segregation (A) in the solid residue  of 
P h 2B2(()S iP h 2)2( )2, com pound 9, heated  a t 1700°C
-193-
F igu re  6.24 EDX line spectra  show ing the oxygen concen tra tion  th ro u g h  the
cen tre  line segregation  in the solid residue from  
P h 2B2(0 S iP h2)2 0 2 , com pound 9, heated  a t 1700°C
-194-
F igu re  6.25 EDX line spectra  show ing the  carbon  concen tra tion  th rough  the 
cen tre  line segregation  in the  final residue  from  
P h 2B2(0 S iP h 2)20 2, com pound 9, heated  a t 1700°C
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F ig u r e  6.26 T h e r m o g r a v im e t r i c  an a ly s is  o f  th e  solid re s id u e  h e a te d  a t  1700WC
fro m  P h 2B2( ( )S iP h 2 )2( ) 2» c o m p o u n d  9, th en  h e a te d  to  1200°C in an
a i r  s t r e a m
Au
Energy dispersive x-ray analysis of the  solid residue  heated  a t 
1700°C from  P l^ t ty O S iP l^ ^ f ^ ,  com pound  9, then heated to 
1200°C in an a ir  s tream
F igu re  6.27
6.4 THERM OLYSIS OF OTHER COMPOUNDS CONTAINING Si, C, B and O or N
T herm ogravim etric  analyses o f o ther cyclic com pounds (M e2SiO )3, (Ph2SiO )3 and 
(PhB O ) 3 were carried out. The curves o f weight loss versus tem perature/tim e for 
(M e2S iO )3 and (Ph2SiO )3, F igures 6.28 and 6.29 respectively, show that com plete 
volatilisation occurs for both cyclosiloxanes by 300° and 500°C respectively. It was shown 
in chapter 5 that the ring strain in the small ring cycloborasiloxanes contributes to 
ring-opening and polym erisation. The am ount of ring strain in the cyclosiloxanes, (RSiO )3 
is expected to be considerably  low er than in the cycloborasiloxanes, com pounds 9 and 10, 
as been discussed in chap ter 5. Consequently, volatilisation o f the cyclcosiloxanes takes 
place before ring-opening  and polym erisation can occur.
The cycloboroxane (P hB O )3 decom posed and lost about 77 wt % when it was 
pyrolysed to 800°C  under an inert atm osphere, Figure 6.30. X-ray diffraction o f the solid 
residual product show s m ajor x-ray absorptions for B (O H )3 at 6.08, 3.18 (100), 2.95 and 
1.59 A. T he bond strengths o f B-O and B-C (808 and 448 kJ m ol ' 1 respectively), suggest 
that scission o f the B-C bonds occurs first, which facilitates the form ation of the boron 
oxide B20 3, which readily  form s B (O H )3 when subsequently exposed to hum id air.
O ther linear borosiloxanes synthesised during the course o f this study, com pounds 
15-18, w ere also therm ally analysed, and the therm al treatm ent resulted in their almost 
com plete volatilisation by ca 500°C. Figure 6.31 show s the therm ogravim etric analysis 
curve for PhB (O SiPh3)2 (com pound 16). This behaviour may be attributed to their linear 
unstrained structures, which therefore show no tendency to polym erise, Chapter 5, 
com pared w ith their cyclic analogues, such as Ph2B2(0 S iP h )20 2 and P hB [(0S iP h 2)20 ]  
(com pound 9 and 10 respectively). The single exception is PhB (O SiPh2H )2, com pound 14 
that contains silicon hydride bonds (Si-H), and which decom poses under an inert 
atm osphere on heating to 800°C to yield 40 wt% solid residue. The initiation tem perature 
for therm al decom position o f com pound 14 is about 200°C, and the thermal
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decom position takes place in two m ajor steps; the first step is in the 220-450°C range, and 
the second step in the 400-550°C  range, Figure 6.32. The first decom position step involves 
about 35%  weight loss, and the total weight lost is 60%. The decom position o f compound 
14 m ay be linked to the presence o f the silicon hydride groups, which are thermally 
unstable and facilitate polym erisation on heat treatm ent via Si-H to Si-Si and/or (in the 
p resence o f traces o f air) Si-O -Si linkages. A sam ple o f com pound 14 was also heated for 
3 days at 220°C in an oven. Figure 6.2 shows its w eight loss versus tim e curve com pared 
with those o f com pounds 9 and 10. The total weight loss for com pound 14 occurs in two 
stages, a 10% w eight loss after 2.5 hours and a 15% loss after 40 hours. A yellowish 
residue was form ed during this isothermal heat treatm ent whose infrared spectrum  shows 
a very significant reduction o f the Si-H absorptions at 2150 and 1010 c m '1, due to 
e lem ination o f hydrogen. The thermal decom position o f com pound 14 is worthy o f a more 
extensive exam ination then was possible in the time available at the end o f this study.
In the final stages o f this work attem pts were m ade to pyrolyse a m odel compound 
M e2Si(N H B Ph)2NH, (com pound 19) containing a cyclic Si-N-B ring with a 2:1 boron to 
silicon ratio. The therm ogravim etric analysis o f com pound 19 shows that the sample is 
com pletely volatilised when a tem perature o f 300°C is reached, Figure 6.33. A single 
crystal structure determ ination o f com pound 19 was carried out during the course o f this 
study in order to investigate the nature o f ring-strain in heterosilazane rings containing 
boron atom s for com parison with heterocyclic siloxanes containing boron, Chapter 5. 
C om plete volatilisation o f this com pound indicates that ring-ring transform ation reactions 
o f the Si-N -B ring system  are not fast at elevated tem peratures and so no cross-linking 
occurs before volatilisation. This is an interesting result as two boron atom s per ring 
w ould be expected to exert a strong destabilising effect and it would be worth exam ining 
the effect o f  heat treatm ent with a ring-opening catalyst.
P revious work has shown that the am m onolysis o f  organochlorosilicon hydrides, 
R S iH C l2 and diorganodichlorosilane, R 2SiCl2 (R= alkyl and aryl), gives cyclic products, 
(R SiH N H )n and (R2SiN H )n, respectively21. The product from  M eSiH Cl2 consists mainly
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o f  cyclic species (M eSiHNH)n, n = 3 and larger, with n = 4 being the major constituent, 
and possibly som e linear products as well. To be utilized effectively in pyrolytic 
preceramic synthesis, these cyclic compounds must be converted to products o f higher 
molecular weight. Attempted pyrolysis o f these materials gives mainly a cyclic species. 
The residue consists o f  a structural repeating unit o f
c h 3
I
— Si —  N—
I I
H H
The adjacent NH  and SiH groups provide the functionality which perm its the
m olecular weight to be increased by dehvdrogenation follow ed by condensation.
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F ig u r e  6 .28 T h e r m o g r a v im e t r i c  an a ly s is  o f  (IVk^SiO)^ in a s t r e a m  o f  l i e
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F ig u r e  6.31 T h e r m o g r a v im e t r i c  an a ly s is  o f  P h lM O S iP h j^ ,  c o m p o u n d  16, to
600°C  in a s t r e a m  o f  He
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F ig u r e  6.32
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F ig u re  6.33
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T h e rm o g rav im etric  analysis o f M c2Si(I, liB N II)2N II, com pound  19, 
to 800()C in a s tre a m  of He
6.5 T H E R M O L Y SIS O F PH E N Y L M E T H Y L SIL A N E -D IM E T H Y L SIL A N E  
C O PO L Y M E R
F or com parison purposes a phenylm ethylsilane copolym er was also therm olysed 
and briefly exam ined as a precursor for silicon carbide. Therm ogravim etric analysis was 
perform ed on sam ples o f (M ePhSi)n(M e2Si)m, (com pound 20) prepared using the m ethod 
o f B urkhard23. The curve o f weight loss versus tem perature/tim e for this com pound is 
shown in Figure 6.34. The copolym er loses 80% o f its weight upon heating under He at 
10°C/min up to 800°C. The initial thermal decom position started at 130°C, and it takes 
place in three m ajor steps. The first step occurs in the 130-380°C tem perature range, the. 
second in the 380-520°C range, and the third decom position step is in the 600-720°C 
range. The percentage weight losses were 40, 30 and 10% o f the total weight lost, 
respectively.
The theoretical w eight loss according to the equation above yielding pure SiC as 
the final product is 55% , so 25% of the sample m ust have been driven off as volatile 
silicon species. These are likely to be small ring cyclics, but it would be o f great interest 
to determ ine the exact identity o f the volatile Si products produced during the 
therm ogravim etric analysis, which w ould help in identifying the chem ical m echanism  of 
degradation.
The solid residue from the therm al decom position up to 800°C o f com pound 20 
was a shiny black am orphous glass as indicated by x-ray diffraction. Scanning electron 
m icroscopy with energy dispersive x-ray analysis show s the presence o f both Si and C 
atom s, as shown in Figure 6.35. Pyrolysis o f the com pound 20 up to 1700°C under an 
argon atm osphere yielded crystalline silicon carbide, as detected by x-ray diffraction
2 SiC
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which shows m ajor peaks at 2.51 (100), 1.54 and 1.31 A attributable to^pctaheclraf SiC. 
Scanning electron m icrographs of the silicon carbide form ed at 17()0°C are shown in 
F igure  6.36. This type o f polym er shows considerable promise as a precursor o f SiC. 
W est24 has reported the therm al decom position o f (M e2Si)n, and found that 90% o f the 
sam ple was volatilised at 400°C  and the residue volatilised com pletely at 650°C. He has 
also used the same copolym er as in this work, i.e phenylm ethylsilane-dim ethylsilane as a 
precursor for form ing silicon carbide fibres. He showed that the copolym er was easily 
draw n into fibres by hand with a metal spatula, from a sam ple with Mn= 12000. Some of 
the fibres form ed hollow tubes because they tended to curl when draw n24.
W esson and W illiam s showed that block copolym ers containing (M e2Si)n and 
(Ph2Si)n blocks can be m ade25, and Trujillo  published the synthesis o f the (PhM eSi)n 
hom opolym er26. O ther possible precursors to SiC reported recently include the 
3-dim ensional polysilanes made by Baney and cow orkers27, polycarbosilanes obtained 
from  vinylsilanes13. W est and Davide reported that copolym ers o f phenylm ethylsilylene 
and dim ethylsilylene units, with M e2Si/PhM eSi ratios varying from 3:1 to 20:1, were less 
crystalline and could be softened to viscous liquids at high tem peratures. These m aterials 
proved useful in strengthening silicon nitride ceram ics. The Si2N4 ceram ic body was 
soaked in polysilane and refired, leading to the form ation o f silicon carbide in the pore 
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F ig u r e  6 .34 T h e r m o g r a v im e t r i c  an a ly s is  o f  (M eI>h S i)n(M e 2S i)m, c o m p o u n d  20,





E nergy dispersive x-ray analysis of the  solid residue from  
(M ePhSi)n(M e2Si)m, com pound 20, heated  to  800°C in an  inert 
a tm osphere
F igu re  6.35
F igu re  6.36 Scann ing  electron m ic ro g rap h s of m icrocrysta lline  SiC for
(M eP hS i)n(M e2Si)m, com pound  20, pyrolysed to 1700°C u n d e r  an 
argon  a tm o sp h ere
6.6 THERM OLYSIS OF SILSESQUIOXANES
Therm ogravim etric analysis from room  tem perature to 700°C o f Cy6Si60 9  
(com pound 6 ), which represents a non-volatile m odel com pound o f the silsesquioxane 
series containing Si, O and C, showed that the decom position occurs gradually above 
250°C  and it is com plete at 600°C, Figure 6.37. A total o f 40 wt % of the m aterial is left in 
the solid residue in the form  o f an am orphous solid, as indicated by x-ray diffraction. 
Scanning electron m icroscopy with energy dispersive x-ray analysis shows peaks for Si, C 
and O which may be attributed to the form ation o f am orphous silica and free carbon, and 
possibly am orphous SiC, Figures 6.38. Further pyrolysis o f com pound 6  up to 1700°C was 
carried out in two stages as described for the pyrolysis o f com pound 9 and 10. The major 
w eight loss occurs in the tem perature range 400-600°C , and a further 15% weight loss 
occurs above 800°C. Scanning electron m icroscopy with energy dispersive x-ray analysis 
o f the residual product o f decom position at 1700°C show s the presence o f Si and O. The 
carbon atom  intensity is significantly reduced during the high tem perature heat treatment 
(1700°C), Figure 6.39. Scanning electron m icrographs o f m icrocrystalline SiO? as the 
final residual product o f decom position at 1700°C under an inert atm osphere o f com pound 
6  is shown in F igure 6.40. X-ray diffraction, peaks at 4.05 (100), 3.14 and 2.49 A are 
attributed to m icrocrystalline S i0 2. On the assum ption that all the oxygen reacted with 
silicon to form m icrocrystalline S i0 2, the rem aining oxygen reacts with the free carbon 
form ing CO and/or C 0 2 gas which volatilized during the high tem perature pyrolysis. No 
evidence o f crystalline SiC at high tem perature heat treatm ent o f com pound 6  was found. 
This is a fundam entally different situation than that found for the other cyclic borasiloxane 
com pounds 9 and 10 discussed earlier. This situation clearly show the role o f boron in 
these system s, where the boron reacts with oxygen in the early stages o f  the therm olysis 
form ing B20 3 and this facilitates the form ation o f SiC rather than silica.
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DTG (mg/min)Temperature (°C)
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- 0 . 5
600
400
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- 3 . 5













- 1 0 0
F ig u r e  6.37 T h e r m o g r a v im e t r i c  an a ly s is  of Cv^Si^Oy, c o m p o u n d  6, f ro m  ro o m




F ig u r e  6.38 E n e rg y  d isp e rs iv e  x -ray  ana lys is  o f  th e  re s id u e  p re se n t  a f te r




F ig u re  6.39 E nergy  dispersive x-ray analysis of m icrocry sta lline  Si( ) 2 from  
C y6Si60 9, com pound 6 , pyrolysed to 1700°C u n d e r an  inert 
a tm osphere
F ig u re  6.40 Scann ing  electron m ic ro g rap h  from  C y6Si6( )9, com pound  6 , 
pyrolysed to 1700(>C u n d e r an  in e rt a tm o sp h ere
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6.7 CONCLUSIONS
T he eight- and six-m em bered cycloborasiloxanes [PhB(0 SiPh2)0 ] 2 and 
PhB [(O SiPh2)2 0 ] w ith 1:1 and 2:1 silicon to boron ratios respectively  w hich were 
synthesised v ia  the reaction o f  PhB (O H )2 with diphenylsilandiol and 
l,l,3 ,3 -te trapheny l-l,3 -d ihyd roxy -l,3 -d isiloxane  respectively, contain highly  strained 
rings due m ainly to the presence o f the small boron atom (s), and both com pounds undergo 
ring-opening polym erisation and ring-ring transform ation reactions on therm olysis. 
Pro longed  heat treatm ent at 220°C, results in volatilisation o f the cyclic  boroxane 
(PhB O )3, and the form ation o f a boron depleted polym eric residue, w hereas rap id  heating 
o f  either com pound at a rate o f 10°C/min to 1400°C in an inert atm osphere does not result 
in significant loss o f boron, but affords instead an am orphous residue containing silicon 
carbide, boron oxide and free carbon. Upon further pyrolysis at 1700°C the final product 
consists o f  a m icrocrystalline a-silicon  carbide m atrix in which are em bedded large 
crystals o f  boron carbide.
[PhB(0SiPh2)0 ]2 compound 9
220°C for 3 days (Ph2SiO)a(PhBO)b+(PhBO)3 '
a > b
PhB[(OSiPh2)20 ]  compound 10
1200°C at 10°C/min
Thermolysis to
amorphous + B20 3 + n C
Thermolysis to 1700°C at 5°C/min
V
S'Ccryst. +  B 4C crjst. +  ma£ orphous
n > m
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T he linear heteroborasiloxanes RB(O SiPhnH3_n)2; (R = Ph, o r M e n = 2 o r 3) and 
B (O S iPh3)3, containing 1:2 or 1:3 boron to silicon ratios respectively, were prepared by 
the reaction o f B (O M e )3 or PhB (O H )2 with triphenylsilanol o r diphenylchlorosilane. 
These w ere show n via an x-ray crystal structure determ ination on com pound 16, 
PhB (O SiP h3)2, to possess a non-strained configuration, and  w ith the exception o f 
com pound  14, PhB (O SiPh2H)2, which contains reactive silicon hydride bonds, they 
volatilise on heating. Com pound 14 therm olyses to a  residue containing Si, C and O, 
presum ably  via the interm ediacy o f cross-linked m aterials form ed by hydrogen loss. The 
m ost rem arkable feature in the structure o f com pound 16 is the d ifference in the B-O-Si 
bond angles being 153.1(3) and 136.9(3)°. These differences arise from  a com bination o f 
tw o effects within the linear m olecule. Firstly, unlike the cyclic borasiloxanes, there is no 
ring  strain to distort the angles about oxygen, and secondly the phenyl substituents on 
silicon will prevent a coplanar arrangem ent around boron in which the Si-O-B angles are 
equal and acute. No significant changes in the Si-O  bond lengths were detected, in 
agreem ent with theoretical calculations on Si-O-B containing com pounds which indicate 
that deform ation o f  high angle Si-O-B system s occurs w ith little change in over all
2 9energy .
T hese studies show that boron has two m ain roles in borasiloxanes. In the small 
ring  cyclic com pounds it induces ring strain so facilitating ring-opening polym erisation, 
and at high tem peratures it scavenges oxygen and is finally reduced to boron carbide by 
carbotherm al reduction, so m inim izing the Si-O content o f the final residue. The high 
tem perature behaviour is consistent with therm odynam ic considerations.
H ydrolysis o f  Ph2SiCl2 in diethyl ether yields Ph2Si(O H ) 2 as the m ajor product, 
w hich can  be separated from  higher oligom ers by extraction o f the m ixture. The m inor 
products Ph2(H O )SiO Si(O H )Ph2 and Ph2(H O )SiO Si(Ph2)O Si(O H )Ph2 were separated by 
repeated fractional crystallisation and the structure o f the latter com pound was shown to 
contain  a novel eight-m em bered H Si30 4 heterocycle, with the two ends o f  the nom inally 
acyclic  array linked through a hydrogen bond. H -bonding betw een m onom ers, as inferred
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from  the short in term olecular O ...O  separation suggests that dim ers are form ed in the solid 
state, consisting o f  tw o eight-m em bered rings linked through an eight-m em bered 0 4H4 
assem bly. A lthough association via H -bonding is com m on in silanol chem istry30, this 
com pound affords a unique structural arrangem ent.
T he silsesquioxane c-C y6S ig09 was isolated as one o f  the products on hydrolysis o f 
c-C ySiC l3 in acetone. The m ajor product is a trisilanol w hich F eher and co-w orkers have 
investigated  extensively as a m odel for silica surface chem istry. By using a com paratively 
short reaction tim e, the proportion o f C y6Si60 9 is m axim ised at the expense o f  the other 
m inor product, a octa-sesquisiloxane in the initial solid m ixture, so facilitating purification 
o f  the hexam er, albeit at the expense o f an overall reduced  yield. The c-CygSig09 
structure, which had not been determ ined previously, contains tw o Si30 3 which are linked 
co-facially  by Si-O -Si bridges, generating three further Si40 4 heterocycles. A 
consideration o f  bond length and bond angle data indicates that the fused Si30 3 rings are 
strained (as in analogous m ononuclear siloxane rings), and on therm olysis to 700°C, this 
com pound yields an am orphous solid containing Si, O and C. It was not possible to 
determ ine the exact constituents o f the solid residue at that stage, but on further heating 
crystalline SiC>2 is form ed with no evidence o f crystalline SiC. This behaviour confirm s 
the very im portant effect boron has on the therm al behaviour o f heterosiloxane species.
These studies were extended to a cycloborasilazane M e2Si(PhB N H )2NH, which 
was isolated from  the reaction o f (M e2SiN H )3 with P h B C ^ , in order to determ ine whether 
ring-opening polym erisation and subsequent therm olysis w ould produce Si3N4. 
U nexpectedly  this com pound volatilised com pletely at low  tem peratures. A structure 
determ ination was carried  out to further characterise this com pound, but in view  o f  the 
lack o f  com parative structural data for Si-N-B analogues it is not possible to deduce from 
these data w hether this com pound is strained. Even if it does possess ring strain, it may be 
slow  to undergo ring-opening reactions in the absence o f a catalyst, which would explain 
its volatility . It is interesting to note that other routes to Si-N and Si-N-B ceram ic 
m aterials em ploy labile or/and reactive substituents on Si o r B to facilitate cross-linking.
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6.8 FUTURE W ORK
The use o f preceram ic polym ers based on hetero-, hom o-polym ers o r ceram ers in 
the synthesis o f ceram ic m aterials is currently an active area o f  research, w ith considerable 
attention being focused on silicon-containing m aterials as precursors to SiC and Si3N4. A  
critical challenge in the design o f inorgaic-organic com posites o r polym ers for use as 
p recursors is control o f their precise stoichem istry. The work described in this thesis 
show s that preceram ic polym ers can be produced by the ring-opening polym erisation o f 
sim ple, strained ring heterosiloxanes o f well defined com position, and that ceram ic 
m aterials are form ed on pyrolysis at very high tem peratures. Thus the term  ’preceram ic 
po lym ers’ should be extended to ’preceram ic com pounds’ to include m aterials such as 
those described in this thesis. For future w ork on these preceram ic com pounds, the 
fo llow ing proposals are suggested.
O ne practical role for preceram ic com pounds is as a possible b inder to form  a 
green body with ceram ic filler particles, an ideal binder would totally fill the open pores 
present in a body form ed from  dry pow der and it should be converted to a ceram ic 
m aterials in high yield on pyrolysis. A lso, the associated rem oval o f volatiles should occur 
w ithout dam aging the body. In practice, preceram ic com pounds fall short o f  this ideal. For 
exam ple, the yields o f the solid residue obtained on heating the heteroborasiloxane, 
com pounds 9 and 10 to 1200°C in inert atm osphere were 35 and 28%  respectively, 
w hereas Y ajim a12 has shown that the therm al decom position o f 
poly(borodiphenylsiloxane) in a N2 atm osphere to 1000°C results in a 47%  yield o f  solid 
residue. By introducing less bulky substituent on Si such as vinyl groups w hich could be 
cross-linked, high ceram ic yields w ould be obtained.
There has been very little work on developing m ethods for incorporating 
preceram ic com pounds as binders in green bodies so as to optim ise density. Nor has the 
transform ation o f such green bodies to ceram ic bodies by firing been studied in any detail. 
Thus a study o f these processes, coupled w ith m easurem ents o f the physical, therm al and
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m echanical properties o f the bodies would be useful practical developm ent from  the 
present work.
A further developm ent w ould be to study the therm al decom position o f the 
preceram ic com pounds under nitriding conditions to explore the potential for producing 
Si3N4. It is know n that S i0 2 can be converted  in the presence o f  carbon to Si3N4 in N 2 or 
N H 3 containing atm ospheres by tw o-step process involving carbotherm al reduction to SiC 
follow ed by nitridation to Si3N431. Thus, the potential to produce Si3N4 from  the 
decom position products o f the preceram ic com pounds studied in this work should be 
explored.
F inally , this work has provided som e useful inform ation on the initial stages o f 
decom position o f  the preceram ic com pounds and on the later stages o f decom position for 
exam ple, the growth o f the SiC and B4C crystals from com pounds 9 and 10. H ow ever, the 
im portant but very com plex processes occurring during the main part o f the thermal 
decom position are not clear. It would add greatly to our understanding o f the 
transform ation o f the preceram ic com pounds if future studies would be directed to this 
fundam ental area.
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A P P E N D I X  ( I )
Safety
The toxicological properties o f silane and heterosiloxanes have not been fully 
investigated, and all necessary precaution were taken when using these m aterials. 
Thus all synthesis were carried out in high toxicity fume cupboards. Toxic and 
flam m able gases were handled in closed system s within the laboratory and finally 
vented to atm osphere. The reagents involved in this research are com m only used 
m aterials, and the precautions taken when handling them  were in accordance with 
their know n hazards. A safety hazard sheet have been used for each reaction 
contain all the hazard details o f the m aterials involved. A standard safety sheet is 
attached.
R eagen ts
All chem icals em ployed were standard laboratory reagents (BDH or A nalar grade) 
which were used without further purification unless otherw ise stated. Benzene and 
toluene were norm ally dried over sodium  wire for at least 24 hours, and dry 
solvents were deoxygenated under an atm osphere o f dry nitrogen gas prior to use. 
D iphenylsilanediol, phenylboronic acid, m ethylboronic acid, 
dichlorodiphenylsilane, diphenylchlorosilane, triphenylsilanol, trim ethylborate, 
borontriiodide, phenylborondichloride, cyclohexyltrichlorosilane,
hexam ethylcyclotrisiloxane, hexaphenylcyclotrisiloxane and
hexam ethylcyclotrisilazane were purchased from  Aldrich or from  Lancester, and 
were used w ithout any further purification unless otherw ise stated.
University of Bath 
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COSHH
CHEMICAL AND GENERAL RISK ASSESSMENT
Project Title/Research A r e a ................................
Name of S upervisor...........................................
Location of W o r k .................................. Start Date





♦According to C l a s s i f i c a t i o n ,  P a c k a g i n g  6 L a b e l l i n g  R e g u l a t i o n s ,  1 9 8 8 :  
Cg: Carcinogenic; C: Corrosive; H: Harmful; I: Irritant: T: Toxic;
O: Oxidant; F: Flammable; H F : Highly flammable; E: Explosive.
Experimental procedures/system of work to be followed. Indicate 
transformation under investigation and literature reference, if available.
Full Nature of Reactive Hazards involved (if no Safety Data Sheets attached)
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A P P E N D I X  (II)
Instrum entation
M  icroelem ental A  nalysis:
Carbon, hydrogen and nitrogen analyses were determined by microelemental 
techniques by the Analytical Services, School o f  Chemistry, University o f  Bath.
In frared Spectroscopy (IR):
Infrared spectra were recorded on a N icolet 51 OP infrared spectrophotom eter in the 
region o f 4000-600 c m '1, sam ples w ere prepared as mulls using paraffin and held 
betw een NaCl discs.
N uclear M agnetic Resonance (NM R):
Sam ples for and ]3C NMR m easurem ents were prepared using deuterated 
chloroform  as solvent unless otherw ise stated. Spectra were recorded on JEO L GX 
270 FT NM R spectrom eter (operating at 67.80 and 270.05 M H z for 13C and 
m easurem ents respectively) and w ere referenced to TM S. 29Si NM R sam ples were 
dissolved in deuterated chloroform  with TM S as internal standard in som e cases. 
29Si NM R spectra were recorded using a JEO L GX 400 spectrom eter housed at the 
School o f Chem istry, University o f Bristol and a JEOL G X E 400 spectrom eter 
housed at the school o f Chem isrty, University o f Bath.
M ass Spectroscopy (MS):
M ass spectra data were recorded using a VG 7070E spectrom eterhoused at the 
School o f Chem istry, U niversity o f Bath.
X -R ay Powder D iffraction (XRD):
X -Ray pow der diffraction studies were carried out on various sam ples which 
resulted from  thermally treated siloxanes and borasiloxane.
X -R ay Crystallography:
X -ray single crystal structure determ inations were carried out at room  tem perature 
using A  H ilger and W atts Y290 Four-Circle diffractrom eter and m ore recently  a 
C A D 4 autom atic four circle diffractom eter.
Scanning E lectron M icroscopy (SEM ):
sam ples w ere m ounted on alum inium  discs and were gold coated for 1 m inute. A 
list o f  the SEM  equipm ents are listed below:
JEO L T 330  Scanning Electron M icroscopy
JEO L JSM  35C Scanning Electron m icroscopy with oxford instrum ent link A 
1 0 0 0 0  energy dispersive x-ray analyser.
JEO L 8600 Electron probe m icroanalyser.
All SEM  facilities were placed at the School o f Material Science, U niversity o f 
Bath.
Therm al H eat T reatm ents :
T herm ogravim etric analysis (TGA):
TG A were carried out on ca 70 mg samples loaded into an alum ina crucible using 
a SETA R A M  TG A -92, with argon as a carrier gas.Tests were carried out under 
d ifferent atm ospheres o f helium, nitrogen or air, with a heating rate o f e ither 
5°C/m in. or 10°C/min. to a m aximum  tem perature o f 1500°C.
Tube furnace experim ents:
A tubular Carbolite furnace was used to pyrolyse samples o f ca O .lg to 800°C 
under an argon or air atm osphere at a heating rate o f 2°C/min.
High tem perature heat treatm ent:
An A stro industries INC, USA furnace were used to pyrolyse sam ples to 1700 or 
1750°C under an argon atm osphere after the pre-heat treatm ent with the tube 
furnace. A holder m ade o f carbon was used to hold the alum ina crucibles in the 
astro furnace.
A P P E N D I X  (III)
X-ray crystallography supplementary tables for hexa(cyclohexylsesquisiloxane),
compound 6
Table 1 Fractional atomic coordinates and therm al param eters (A) for
Cy6Si60 9 com pound 6
A t o m X y z U i s o  o r U e q ( *  * *
S i l 0 . 5 2 5 1 3) 0 . 2 5 0 0 0 . 3 2 3 0 1 ) 0 . 0 3 8 2 ) * * *
S i 2 0 . 6 2 0 1 2 ) 0 . 1 7 0 3  ( 1 ) 0 . 2 1 7 4 1 ) 0 . 0 4 0 1 ) * * *
S i 3 0 . 2 6 2 9 3) 0 . 2 5 0 0 0 . 2 5 5 9 1 ) 0 . 0 3 7 2 ) * * *
S i 4 0 . 3 6 1 5 2 ) 0 . 1 7 0 5  ( 1 ) 0 . 1 5 0 8 1 ) 0 . 0 3 7 1 ) * * *
0 1 0 . 5 8 3 5 5 ) 0 . 1 7 9 7 ( 3 ) 0 . 2 8 9 3 2 ) 0 . 0 4 1 3) * * *
0 2 0 . 6 5 8 0 7) 0 . 2 5 0 0 0 . 1 9 2 9 4) 0 . 0 4 3 5) * * *
0 3 0 . 2 7 7 3 5 ) 0 . 1 7 9 9 ( 3 ) 0 . 2 1 0 5 2 ) 0 . 0 3 9 3) * * *
0 4 0 . 3 7 2 0 7) 0 . 2 5 0 0 0 . 1 1 9 7 3) 0 . 0 4 1 5) ■k k -k
0 5 0 . 4 9 9 4 5) 0 . 1 4 2 9 ( 3 ) 0 . 1 7 4 4 2 ) 0 . 0 4 3 3) k k k
0 6 0 . 3 7 4 6 7) 0 . 2 5 0 0 0 . 3 0 9 6 3) 0 . 0 3 9 5) * * *
S i 5 0 . 0 1 5 3 3) - 0 . 2 5 0 0 0 . 1 9 3 8 1 ) 0 . 0 3 6 2 ) * * *
S i 6 0 . 1 0 9 8 2 ) - 0 . 1 7 0 7  ( 1 ) 0 . 3 0 6 0 1 ) 0 . 0 3 7 1 ) * * *
S i 7 - 0 . 2 4 7 4 3) - 0 . 2 5 0 0 0 . 2 4 3 5 1 ) 0 . 0 3 6 2 ) * * *
S i 8 . - 0 . 1 4 9 1 2 ) - 0 . 1 7 0 8  ( 1 ) 0 . 3 5 5 2 1 ) 0 . 0 3 8 1 ) * * *
0 7 0 . 0 7 2 8 5) - 0 . 1 7 9 7 ( 3 ) 0 . 2 3 1 7 2 ) 0 . 0 3 7 3) * * *
0 8 0 . 1 5 0 7 7) - 0 . 2 5 0 0 0 . 3 3 3 1 4 ) 0 . 0 4 1 5) * * *
0 9 - 0 . 2 3 2 1 5) - 0 . 1 7 9 9  ( 3 ) 0 . 2 8 9 2 2 ) 0 . 0 4 1 3) k k k
0 1 0 - 0 . 1 3 9 8 7) - 0 . 2 5 0 0 0 . 3 8 7 9 4) 0 . 0 4 4 5) * * *
O i l - 0 . 0 1 0 9 5) - 0 . 1 4 3 6  ( 3 ) 0 . 3 4 1 0 3) 0 . 0 4 3 3) k k k
0 1 2 - 0 . 1 3 5 2 6 ) - 0 . 2 5 0 0 0 . 1 9 7 5 3) 0 . 0 3 8 4) k k k
C l 0 . 5 6 1 0 1 0 ) 0 . 2 5 0 0 0 . 4 0 8 1 6 ) 0 . 0 5 4 3)
C2 0 . 5 1 1 2 1 0 ) 0 . 1 8 2 8 ( 6 ) 0 . 4 3 9 4 5) 0 . 0 7 6 3)
€ 3 0 . 5 4 4 3 1 2 ) 0 . 1 8 4 1  ( 8 ) 0 . 5 1 1 1 6 ) 0 . 0 9 9 4)
C4 0 . 4 9 7 7 1 2 ) 0 . 2 5 0 0 0 . 5 4 0 8 7) 0 . 1 0 2 6 )
C 5 0 . 7 5 3 0 8 ) 0 . 1 0 8 0  ( 5 ) 0 . 2 1 3 7 4) 0 . 0 5 4 2 )
0 6 0 . 8 5 0 2 1 1 ) 0 . 1 3 3 7  ( 7 ) 0 . 1 7 1 5 6 ) 0 . 0 9 0 4)
T able 1 continued...
C l 0 . 9 6 3 7  ( 1 2 ) 0 . 0 8 3 8  ( 7) 0 . 1 7 1 9 ( 6 ) 0 . 0 9 3  ( 4 )
C8 0 . 9 2 9 3  ( 1 0 ) 0 . 0 0 8 4  ( 6 ) 0 . 1 5 7 1  ( 5 ) 0 . 0 7 1 ( 3 )
C9 0 . 8 3 1 4  ( 1 1 ) - 0 . 0 1 7 2  ( 7 ) 0 . 1 9 5 4 ( 6 ) 0 . 0 9 4  ( 4 )
CIO 0 . 7 1 5 4  ( 1 0 ) 0 . 0 3 0 7  ( 6 ) 0 . 1 9 4 9  ( 5 ) 0 . 0 7 6  ( 3 )
C l l 0 . 1 1 6 2  ( 1 0 ) 0 . 2 5 0 0 0 . 2 9 3 4  ( 5 ) 0 . 0 3 9  ( 3 )
C1 2 0 . 1 0 0 3  ( 8 ) 0 . 1 8 2 9 ( 5 ) 0 . 3 3 4 7  ( 4) 0 . 0 5 8  ( 2 )
C 1 3 - 0 . 0 2 0 2  ( 1 0 ) 0 . 1 8 2 7  ( 6 ) 0 . 3 6 9 1  ( 5 ) 0 . 0 7 7  ( 3 )
C14 - 0 . 0 2 8 5  ( 1 1 ) 0 . 2 5 0 0 0 .  4 0 6 8  ( 7 ) 0 . 0 8 6  ( 5 )
C1 5 0 . 2 9 1 5  ( 7 ) 0 . 1 0 7 4  ( 4) 0 . 0 9 2 7  ( 4 ) 0 . 0 4 1  ( 2 )
C l  6 0 . 3 6 1 3  ( 9 ) 0 . 1 0 9 0  ( 5 ) 0 . 0 3 2 0 ( 4 ) 0 . 0 5 8  ( 2 )
C1 7 0 . 3 0 4 8  ( 1 0 ) 0 . 0 5 4 8  ( 6) - 0 . 0 1 5 5 ( 5 ) 0 . 0 6 8  ( 3 )
C l  8 0 . 3 0 1 0  ( 9 ) - 0 . 0 1 9 3  (6) 0 . 0 1 0 6 ( 5 ) 0 . 0 6 6 ( 3 )
C l  9 0 . 2 3 1 5  ( 9 ) - 0 . 0 2 1 6 ( 5 ) 0 . 0 7 0 6  (4) 0 . 0 5 8 ( 2 )
C2 0 0 . 2 8 8 1  ( 8 ) 0 . 0 3 0 4  ( 5) 0 . 1 1 8 1  ( 4 ) 0 . 0 4 8  ( 2 )
C2 1 0 . 0 5 2 1  ( 1 1 ) - 0 . 2 5 0 0 0 . 1 1 1 0  ( 5) 0 . 0 3 9  ( 3 )
C2 2 0 . 0 0 4 3  ( 8 ) - 0 . 1 8 2 8  ( 5) 0 . 0 7 7 0  ( 4 ) 0 . 0 5 5  ( 2 )
H 2 1 1 - 0 . 0 9 5 2  ( 8 ) - 0 . 1 8 0 4  ( 5 ) 0 . 0 7 8 6 ( 4 ) 0 . 0 7 9  ( 6 )
C 2 3 0 . 0 3 7 5  ( 1 0 ) - 0 . 1 8 2 5 ( 6 ) 0 . 0 0 7 6 ( 5 ) 0 . 0 6 9 ( 3 )
C2 4 - 0 . 0 0 9 4  ( 1 5 ) - 0 . 2 5 0 0 - 0 . 0 2 6 8  ( 7 ) 0 . 0 7 1  ( 4 )
C2 5 0 . 2 3 9 3  ( 7 ) - 0 . 1 0 7 6 ( 4 ) 0 . 3 2 2 8  ( 4 ) 0 . 0 4 1  ( 2 )
C2 6 0 . 2 1 0 6 ( 9 ) - 0 . 0 3 1 1  ( 6 ) 0 . 3 0 3 4  ( 5 ) 0 . 0 6 4  ( 3 )
C2 7 0 . 3 2 1 7  ( 1 0 ) 0 . 0 1 7 8  ( 6 ) 0 . 3 1 9 4  ( 5 ) 0 . 0 7 6  ( 3 )
C2 8 0 . 4 3 8 1  ( 8 ) - 0 . 0 0 7 5 ( 5 ) 0 . 2 9 2 4  ( 4 ) 0 . 0 5 5  ( 2 )
C2 9 0 . 4 6 7 1  ( 9 ) - 0 . 0 8 2 6  ( 5 ) 0 . 3 1 1 0  ( 5 ) 0 . 0 5 9  ( 3 )
C3 0 0 . 3 5 8 4  ( 9 ) - 0 . 1 3 2 9  ( 6 ) 0 . 2 9 4 2  ( 5 ) 0 . 0 6 6  ( 3 )
C3 1 - 0 . 3 9 6 2  ( 1 1 ) - 0 . 2 5 0 0 0 . 1 9 6 1  ( 5 ) 0 . 0 4 1  ( 3 )
C3 2 - 0 . 4 1 2 9  ( 9 ) - 0 . 1 8 2 6 ( 5 ) 0 .  1 5 6 0  ( 4 ) 0 . 0 5 9  ( 3 )
C3 3 - 0 . 5 3 7 9  ( 1 0 ) - 0 . 1 8 3 7  ( 6 ) 0 . 1 1 5 9 ( 5 ) 0 . 0 7 7  ( 3 )
C3 4 - 0 . 5 5 0 5  ( 1 8 ) - 0 . 2 5 0 0 0 .  0 7 6 5  ( 8 ) 0 . 0 8 9  ( 5 )
C3 5 - 0 . 2 1 6 4  ( 8 ) - 0 . 1 0 6 1  ( 5 ) 0 .  4 0 7 8  ( 4 ) 0 . 0 4 3  ( 2 )
C 3 6 - 0 . 2 1 4 9 ( 9 ) - 0 . 0 3 0 0  ( 5 ) 0 . 3 8 0 2  ( 5 ) 0 . 0 6 2  ( 3 )
Table 1 continued...
C3 7 - 0 .
C3 8 - 0 .
C3 9 - 0 .
C4 0 - 0 .
H41 0 .
H42 0 .
H i l l 0 .
H1 4 1 0 .
H 1 4 2 - 0 .
H2 1 1 0 .
H3 1 1 - 0 .
H3 4 1 - 0 .
H 3 4 2 - 0 .
HI  1 0 .
H2 4 1 - 0 .
H 2 4 2 0 .
2 7 0 2  ( 1 0 )  
2 0 6 4  ( 1 2 )  
2 0 9 0  ( 1 2 )  
1 5 2 5  ( 1 0 )  
3 9 8 8  ( 2 1 )  
5 4 0 1  ( 1 0 4 )  
0 4 6 6  ( 1 0 7 )  
0 4 4 5  ( 7 8 )  
1 1 5 8  ( 5 6 )  
1 5 0 0  ( 3 7 )  
4 6 0 2  ( 1 1 6 )  
4 8 1 2  ( 8 2 )  
6 4 0 1  ( 5 2 )  
6 5 8 1  ( 4 1 )  
1 0 8 4  ( 2 5 )  
0 3 2 2  ( 1 0 6 )
0 . 0 2 4 6  ( 7 )  
0 . 0 2 0 4  ( 7 )  
- 0 . 0 5 2 1  ( 7 )  
- 0 . 1 0 8 1  ( 6 )  
0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 2 5 0 0  
- 0 . 2 5 0 0  
- 0 . 2 5 0 0  
- 0 . 2 5 0 0  
- 0 . 2 5 0 0  
0 . 2 5 0 0  
- 0 . 2 5 0 0  
- 0 . 2 5 0 0
0 . 4 2 3 8 ( 5 )  
0 . 4 8 9 0  ( 6 )  
0 . 5 1 5 7  ( 6 )  
0 . 4 7 3 0  ( 5 )  
0 . 5 4 3 3  ( 5 8 )  
0 . 5 8 7 7  ( 2 3 )  
0 . 2 5 5 0  ( 4 9 )  
0 . 4 4 3 6  ( 4 0 )  
0 . 4 2 8 4  ( 5 3 ) - '  
0 . 1 0 4 4  ( 7 5 )  
0 . 2 3 2 9  ( 5 2 )  
0 . 0 4 2 3  ( 4 6 )  
0 . 0 5 1 0  ( 5 2 )  
0 . 4 2 3 6  ( 7 2 )  
- 0 . 0 3 5 5  ( 5 9 )  
- 0 . 0 7 1 2  ( 3 2 )
0 . 0 7 7 3)
0 . 0 9 3 4)
0 . 0 9 1 4)
0 . 0 7 4 3)
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 . 1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
0 .1 2 1 1 7 )
Table 2 Fractional atomic coordinates for the hydrogen atoms
Cy6Si60 9 compound 6
A t o m X y z
H21 0 . 5 5 1 4 0 . 1 3 5 9 0 . 4 1 9 7
H2 2 0 . 4 1 1 7 0 . 1 8 1 2 0 . 4 3 0 9
H3 1 0 . 6 4 4 0 0 . 1 8 2 3 0 . 5 1 9 0
H3 2 0 . 5 0 4 2 0 . 1 3 7 8 0 . 5 3 2 0
H51 0 . 7 9 3 8 0 . 1 0 7 1 0 . 2 6 1 1
H61 0 . 8 0 9 3 0 . 1 3 7 0 0 . 1 2 4 2
H6 2 0 . 8 8 0 9 0 . 1 8 6 0 0 . 1 8 6 8
H71 1 . 0 1 0 1 0 . 0 8 5 1 0 . 2 1 8 1
H7 2 1 . 0 2 5 9 0 . 1 0 3 0 0 . 1 3 8 2
H81 1 . 0 1 0 6 - 0 . 0 2 4 7 0 . 1 6 5 1
H8 2 0 . 8 9 6 5 0 . 0 0 5 2 0 . 1 0 8 5
H91 0 . 8 0 3 8 - 0 . 0 6 9 8 0 . 1 7 9 3
H92 0 . 8 6 9 9 - 0 . 0 2 0 3 0 . 2 4 3 1
H 1 0 1 0 . 6 7 0 2 0 . 0 3 0 6 0 . 1 4 8 4
H 1 0 2 0 . 6 5 2 4 0 . 0 1 0 3 0 . 2 2 7 7
H 1 2 1 0 . 1 7 7 0 0 . 1 8 1 2 0 . 3 6 9 6
H 1 2 2 0 . 1 0 1 8 0 . 1 3 5 9 0 . 3 0 5 7
HI  3 1 - 0 . 0 2 2 0 0 . 1 3 6 9 0 . 3 9 9 5
H 1 3 2 - 0 . 0 9 8 2 0 . 1 8 0 6 0 . 3 3 5 0
H 1 5 1 0 . 1 9 7 1 0 . 1 2 4 9 0 . 0 8 2 8
HI  61 0 . 4 5 7 4 0 . 0 9 5 7 0 . 0 4 3 0
H 1 6 2 0 . 3 5 5 1 0 . 1 6 1 8 0 . 0 1 1 8
H 1 7 1 0 . 3 5 9 2 0 . 0 5 4 4 - 0 . 0 5 6 0
H 1 7 2 0 . 2 1 1 1 0 . 0 7 1 1 - 0 . 0 2 9 3
HI  81 0 . 2 5 5 0 - 0 . 0 5 4 0 - 0 . 0 2 3 7
H 1 8 2 0 . 3 9 4 9 - 0 . 0 3 7 5 0 . 0 2 1 0
HI  91 0 . 2 3 6 8 - 0 . 0 7 4 8 0 . 0 8 9 9
HI  92 0 . 1 3 5 6 - 0 . 0 0 7 6 0 . 0 5 9 8
T able 2 continued...
H 2 0 1 0 . 2 3 4 6
H 2 0 2 0 . 3 8 2 0
H 2 2 2 0 . 0 4 5 6
H 2 3 1 0 . 1 3 7 0
H 2 3 2 - 0 . 0 0 4 4
H 2 5 1 0 . 2 5 3 8
H 2 6 1 0 . 1 8 7 6
H 2 6 2 0 . 1 3 2 5
H 2 7 1 0 . 3 3 7 2
H 2 7 2 0 . 3 0 0 0
H 2 8 1 0 . 5 1 3 8
H 2 8 2 0 . 4 2 7 2
H 2 9 1 0 . 5 4 6 5
H 2 9 2 0 . 4 8 8 8
H3 0 1 0 . 3 8 1 5
H 3 0 2 0 . 3 4 2 5
H 3 2 1 - 0 . 4 1 0 5
H 3 2 2 - 0 . 3 3 8 0
H 3 3 1 - 0 . 5 4 2 7
H 3 3 2 - 0 . 6 1 2 9
H3 5 1 - 0 . 3 1 1 8
H3 6 1 - 0 . 2 6 8 6
H 3 6 2 - 0 . 1 2 0 3
H3 7 1 - 0 . 3 6 7 8
H 3 7 2 - 0 . 2 5 8 3
H3 8 1 - 0 . 2 5 2 3
H 3 8 2 - 0 . 1 1 0 9
H 3 9 1 - 0 . 1 5 7 2
H 3 9 2 - 0 . 3 0 4 2
H4 0 1 - 0 . 1 6 3 5
H 4 0 2 - 0 . 0 5 5 1
0 . 0 2 9 7 0 . 1 5 9 0
0 . 0 1 3 7 0 . 1 3 1 0
- 0 . 1 3 6 7 0 . 1 0 0 2
- 0 . 1 7 9 6 0 . 0 0 5 9
- 0 . 1 3 6 5 - 0 . 0 1 5 6
- 0 . 1 0 7 5 0 . 3 7 3 2
- 0 . 0 2 9 3 0 . 2 5 3 6
- 0 . 0 1 2 5 0 . 3 2 7 9
0 . 0 2 0 6 0 . 3 6 9 6
0 . 0 7 0 3 0 . 3 0 1 1
0 . 0 2 6 5 0 . 3 0 9 3
- 0 . 0 0 4 3 0 . 2 4 2 0
- 0 . 1 0 0 2 0 . 2 8 7 0
- 0 . 0 8 4 6 0 . 3 6 0 9
- 0 . 1 8 5 5 0 . 3 1 1 7
- 0 . 1 3 4 9 0 . 2 4 3 9
- 0 . 1 3 6 6 0 . 1 8 6 3
- 0 . 1 7 9 3 0 . 1 2 5 1
- 0 . 1 3 7 7 0 . 0 8 5 5
- 0 . 1 8 1 7 0 . 1 4 6 8
- 0 . 1 2 1 4 0 . 4 1 2 1
- 0 . 0 2 9 7 0 . 3 3 5 9
- 0 . 0 1 5 2 0 . 3 7 3 0
0 . 0 1 3 8 0 . 4 2 6 6
0 . 0 7 7 5 0 . 4 0 5 4
0 . 0 5 6 4 0 . 5 1 9 2
0 . 0 3 6 4 0 . 4 8 6 5
- 0 . 0 5 2 1 0 . 5 6 0 6
- 0 . 0 6 6 5 0 . 5 2 1 9
- 0 . 1 6 0 5 0 . 4 9 2 7
- 0 . 0 9 6 8 0 . 4 7 0 1
Anisotropic therm al param eters (A) for Cy^Si^Op compound 6
A t o m U l l U2 2 U3 3 U2 3 U1 3 U1 2
S i l 0 . 0 3 7  ( 2 ) 0 . 0 4 1 2 ) 0 . 0 3 6  ( 2 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 3 1 ) 0 . 0 0 0  ( 1 )
S i 2 0 . 0 3 8  ( 1 ) 0 . 0 4 1 1 ) 0 . 0 4 3  ( 1 ) - 0 . 0 0 3  ( 1 ) 0 . 0 0 6 1 ) 0 . 0 0 4  ( 1)
S i 3 0 . 0 3 7  ( 2 ) 0 . 0 3 7 2 ) 0 . 0 3 7  ( 2 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 7 1 ) 0 . 0 0 0  ( 1 )
S i 4 0 . 0 4 1  ( 1) 0 . 0 3 4 1 ) 0 . 0 3 8  ( 1 ) - 0  . 0 0 4  ( 1 ) 0 . 0 0 7 1 ) - 0 . 0 0 1  ( 1 )
0 1 0 . 0 4 9  ( 3 ) 0 . 0 3 4 3) 0 . 0 4 0  ( 3 ) 0 . 0 0 2  ( 3 ) 0 . 0 0 9 2 ) - 0 . 0 0 1 ( 3 )
0 2 0 . 0 4 3  ( 5 ) 0 . 0 3 7 5) 0 . 0 4 8  ( 5 ) 0 . 0 0 0  ( 1 ) 0 . 0 1 5 4) 0 . 0 0 0  ( 1 )
0 3 0 . 0 5 0  ( 3 ) 0 . 0 2 9 3) 0 . 0 3 8 ( 3 ) - 0 . 0 0 3  ( 2 ) 0 . 0 1 1 2 ) - 0 . 0 0 8  ( 3 )
0 4 0 . 0 5 0  ( 5 ) 0 . 0 3 5 5) 0 . 0 3 8  ( 4 ) 0 . 0 0 0  ( 1 ) 0 . 0 1 5 4) 0 . 0 0 0  ( 1 )
0 5 0 . 0 4 9  ( 3 ) 0 . 0 3 9 3) 0 . 0 4 2  ( 3 ) - 0 . 0 0 6  ( 3 ) 0 . 0 0 7 3) 0 . 0 0 4  ( 3 )
0 6 0 . 0 3 7  ( 4 ) 0 . 0 4 0 5) 0 . 0 4 1 ( 5 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 1 3) 0 . 0 0 0  ( 1 )
S i 5 0 . 0 3 3  ( 2 ) 0 . 0 3 5 2 ) 0 . 0 3 9  ( 2 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 7 1 ) 0 . 0 0 0  ( 1 )
S i 6 0 . 0 3 3  ( 1 ) 0 . 0 3 4 1 ) 0 . 0 4 4  ( 1 ) - 0 . 0 0 4  ( 1 ) 0 . 0 0 7 1 ) - 0 . 0 0 2  ( 1 )
S i 7 0 . 0 3 0  ( 2 ) 0 . 0 3 5 2 ) 0 . 0 4 3  ( 2 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 2 1 ) 0 . 0 0 0  ( 1 )
S i 8 0 . 0 3 6  ( 1 ) 0 . 0 3 4 1 ) 0 .  0 4 4  ( 1 ) - 0 . 0 0 5  ( 1 ) 0 . 0 0 8 1 ) 0 . 0 0 2  ( 1 )
0 7 0 . 0 4 1  ( 3 ) 0 . 0 3 1 3) 0 . 0 3 9  ( 3 ) 0 . 0 0 2  ( 2 ) 0 . 0 0 4 2 ) 0 . 0 0 0  ( 3 )
0 8 0 . 0 4 0 ( 5 ) 0 . 0 3 8 5) 0 . 0 4 5  ( 5 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 3 4) 0 . 0 0 0 ( 1 )
0 9 0 . 0 4 3 ( 3 ) 0 . 0 3 2 3) 0 . 0 4 7 ( 3 ) - 0 . 0 0 5  ( 3 ) 0 . 0 0 5 2 ) 0 . 0 0 1  ( 3 )
0 1 0 0 . 0 4 6 ( 5 ) 0 . 0 3 5 5) 0 . 0 5 2 ( 5 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 7 4) 0 . 0 0 0  ( 1 )
O i l 0 . 0 3 7 ( 3 ) 0 . 0 3 4 3) 0 . 0 5 6  ( 4 ) - 0 . 0 0 3  ( 3 ) 0 . 0 1 2 3) - 0 . 0 0 4  ( 3 )
0 1 2 0 . 0 3 0  ( 4 ) 0 . 0 4 2 5) 0 . 0 4 2  ( 4 ) 0 . 0 0 0  ( 1 ) 0 . 0 0 9 3) 0 . 0 0 0  ( 1 )
Table 4 Bond lengths (A) for CygSi^C^ com pound 6
S i l - 0 1 1 . 6 4 9 ( 6 ) S i l - 0 6 1 . 6 3 3 8 )
s i i - C l 1 . 8 3 9  ( 1 3 ) S i 2 - 0 1 1 . 6 2 5 6 )
S i 2 - 0 2 1 . 6 4 5  ( 4 ) S i 2 - 0 5 1 . 6 3 0 6)
S i 2 - C 5 1 . 8 5 8  ( 1 0 ) S i 3 - 0 3 1 . 6 4 8 6 )
S i 3 - 0 6 1 . 6 1 2 ( 8 ) S i 3 - C l l 1 . 8 2 5 1 1 )
S i 4 - 0 3 1 . 6 2 9  ( 6 ) S i 4 - 0 4 1 . 6 4 1 4)
S i 4 - 0 5 1 . 6 2 7  ( 6 ) S i 4 - C 1 5 1 . 8 4 2 8 )
C l - C 2 1 . 5 4 1  ( 1 4 ) C l - H I  1 1 . 0 8 6 )
C2 - C 3 1 . 5 5 3  ( 1 6 ) C3 - C 4 1 . 4 9 3 1 6 )
C4 - H 4 1 1 . 0 7  ( 3 ) C4 - H 4 2 1 . 0 8 6 )
C5 - C 6 1 . 5 1 1  ( 1 6 ) C5 - C I O 1 . 5 5 2 1 5 )
C 6 - C l 1 . 5 4 3 ( 1 8 ) C l - C 8 1 . 4 9 1 1 7 )
C 8 - C 9 1 . 4 6 1  ( 1 7 ) C9 - C I O 1 . 5 4 2 1 7 )
C l l - C 1 2 1 . 5 5 4  ( 1 2 ) C l l - H i l l 1 . 0 8 1 0 )
C 1 2 . - C 1 3 1 . 5 3 8  ( 1 5 ) C 1 3 - C 1 4 1 . 5 0 4 1 4 )
C1 4 - H 1 4 1 1 . 0 8  ( 8 ) C1 4 - H 1 4 2 1 . 0 8 8 )
C1 5 - C l  6 1 . 5 4 7  ( 1 3 ) C 1 5 - C 2 0 1 . 5 4 4 1 2 )
C l  6 - C 1 7 1 . 5 3 7  ( 1 4 ) C1 7 - C 1 8 1 . 5 0 0 1 5 )
C1 8 - C l  9 1 . 5 3 1  ( 1 4 ) C l  9 - C 2 0 1 . 5 1 1 1 3 )
S i 5 - 0 7 1 . 6 4 8  ( 5 ) S i 5 - 0 1 2 1 . 6 3 4 8 )
S i 5 - C 2 1 1 . 8 4 4  ( 1 2 ) S i 6 - 0 7 1 . 6 2 6 5)
S i 6 - 0 8 1 . 6 4 7  ( 4 ) S i 6 - O i l 1 . 6 2 8 6 )
S i  6 - C 2 5 1 . 8 4 9  ( 8 ) S i 7 - 0 9 1 . 6 4 0 6 )
S i 7 - 0 1 2 1 . 6 1 1 ( 8 ) S i 7 - C 3 1 1 . 8 4 5 1 2 )
S i 8 - 0 9 1 .  6 3 4  ( 6 ) S i 8 - 0 1 0 1 . 6 4 3 4)
S i 8 - O i l 1 . 6 2 6  ( 6 ) S i 8 - C 3 5 1 . 8 3 7 9)
C2 1 - C 2 2 1 . 5 2 8  ( 1 1 ) C 2 1 - H 2 1 1 1 . 0 8 5)
C2 2 - H 2 1 1 1 . 0 8 0  ( 1 3 ) C 2 2 - C 2 3 1 . 5 5 3 1 4 )
C2 3 - C 2 4 1 . 5 3 3  ( 1 4 ) C2 4 - H 2 4 1 1 . 0 7 3)
Table 4 continued..
C2 4 - H 2 4 2 1 . 0 8  ( 8 ) C 2 5 - C 2  6 1 . 5 2 1  ( 1 3 )
C 2 5 - C 3 0 1 . 5 3 7 ( 1 3 ) C 2 6 - C 2 7 1 . 5 3 1  ( 1 5 )
C2 7 - C 2 8 1 . 4 9 5  ( 1 5 ) C2 8 - C 2  9 1 . 4 9 2  ( 1 4 )
C 2 9 - C 3 0 1 . 5 3 1  ( 1 4 ) C3 1 - C 3 2 1 . 5 3 3  ( 1 2 )
C3 1 - H 3 1 1 1 . 0 8  ( 1 2 ) C3 2 - C 3 3 1 . 5 5 3 ( 1 4 )
C 3 3 - C 3 4 1 . 5 0 4  ( 1 5 ) C3 4 - H 3 4 1 1 . 0 8  ( 1 0 )
C3 4 - H 3 4 2 1 . 0 8  ( 7 ) C 3 5 - C 3 6 1 . 5 4 5 ( 1 3 )
C 3 5 - C 4 0 1 . 5 1 7 ( 1 3 ) C 3 6 - C 3 7 1 . 5 3 5  ( 1 6 )
C 3 7 - C 3 8 1 . 5 1 7 ( 1 6 ) C 3 8 - C 3 9 1 . 4 7 6 ( 1 9 )
C 3 9  - C 4 0  1 . 5 4 6 ( 1 7 )
Table 5 Bond angles (°) for Cy6Si60 9 compound 6
0 6 - S i l - 0 1 1 0 9 . 2 3) C l - S i l - 0 1 1 1 1 . 9  (
C l - S i l - 0 6 1 0 8 . 5 5) 0 2 - S i 2 - 0 1 1 0 6 . 6 (
0 5 - S i 2 - 0 1 1 0 9 . 5 3) 0 5 - S i 2 - 0 2 1 0 8 . 3  (
C5 - S i 2 - 0 1 1 1 0 . 2 4) C5 - S i 2 - 0 2 1 1 0 . 4  (
C5 - S i 2 - 0 5 1 1 1 . 7 4) S i 2 - 0 2 - S i 2 1 3 0 . 6 (
0 6 - S i 3 - 0 3 1 0 9 . 0 3) C l l - S i 3 - 0 3 1 1 2 . 2  (
C l l - S i 3 - 0 6 1 0 8 . 5 5) 0 4 - S i 4 - 0 3 1 0 6 . 1  (
0 5 - S i 4 - 0 3 1 0 9 . 8 3) 0 5 - S i 4 - 0 4 1 0 9 . 2 (
C 1 5 - S i 4 - 0 3 1 1 2 . 0 3) C1 5 - S i 4 - 0 4 1 1 0 . 3 (
C 1 5 - S i 4 - 0 5 1 0 9 . 5 3) S i 4 - 0 4 - S i 4 1 3 0 . 8 (
S i 2 - 0 1 - S i l 1 2 8 . 8 4) 0 1 - S i l - 0 1 1 0 6 . 2  (
S i 4 - 0 3 - S i 3 1 2 9 . 0 4) 0 3 - S i 3 - 0 3 1 0 5 . 8  (
S i 4 - 0 5 - S i 2 1 3 9 . 3 4) S i 3 - 0 6 - S i l 1 4 4 . 7  (
C2 - C l - S i l 1 1 2 . 0 6 ) HI  1 - C l - S i l 1 1 6  (
HI  1 - C l - C 2 1 0 3 4) C3 - C 2 - C l 1 1 1  (
C2 - C l - C 2 1 1 0 1 ) C4 - C 3 - C 2 1 1 2  (
C3 - C 4 - C 3 1 1 2 1 ) H4 1 - C 4 - C 3 1 1 3  (
H4 2 - C 4 - C 3 1 0 5 3) H4 2 - C 4 - H 4 1 1 0 8  (
C 6 - C 5 - S i 2 1 1 3 . 3 1) CIO - C 5 - S i 2 1 1 4 . 1  (
CIO - C 5 - C 6 1 0 8 . 8 9) C l - C 6 - C 5 1 1 3  (
C8 - C l - C 6 1 1 3 1 ) C9 - C 8 - C l 1 1 2  (
CIO - C 9 - C 8 1 1 5 1 ) C9 - C I O - C 5 1 1 0 . 1  (
C1 2 - C l l - S i 3 1 1 2 . 5 6 ) H i l l - C l l " - S i  3 1 0 4  (
H i l l - C l l - C 1 2 1 1 0 3) C 1 3 - C 1 2 - C l l 1 1 3 . 8  (
C1 2 - C l l - C 1 2 1 0 8 1 ) C1 4 - C 1 3 - C 1 2 1 0 9 . 8  (
C1 3 - C 1 4 - C 1 3 1 1 4 1 ) H 1 4 1 - C 1 4 - C 1 3 1 0 9  (
H 1 4 2 - C 1 4 - C 1 3 1 0 8 3) H 1 4 2 - C 1 4 - H 1 4 1 1 0 8  (
C 1 6 - C 1 5 - S i 4 1 1 0 . 7 6 ) C2 0 - C 1 5 - S i 4 1 1 2 . 4  (































C1 8 - C 1 7 - C l  6 1 1 2 . 6  ( 8 ) C l  9 - C 1 8 - C 1 7 1 1 1 . 5
C2 0 - C 1 9 - C 1 8 1 1 0 . 4  ( 8 ) C l  9 - C 2 0 - C 1 5 1 1 2 . 6
0 1 2 - S i 5 - 0 7 1 0 8 . 7  ( 3 ) C2 1 - S i 5 - 0 7 1 1 2 . 0
C2 1 - S i 5 - 0 1 2 1 0 9 . 0 ( 5 ) 0 8 - S i 6 - 0 7 1 0 7 . 1
O i l - S i 6 - 0 7 1 0 9 . 3 ( 3 ) O i l - S i 6 - 0 8 1 0 8 . 9
C 2 5 - S i 6 - 0 7 1 1 3 . 1 ( 3 ) C2 5 - S i 6 - 0 8 1 0 9 . 1
C 2 5 - S i 6 - O i l 1 0 9 . 3 ( 3 ) S i  6 - 0 8 - S i 6 1 2 9 . 3
0 1 2 - S i 7 - 0 9 1 0 8 . 3  ( 3 ) C3 1 - S i 7 - 0 9 1 1 2 . 2
C3 1 - S i 7 - 0 1 2 1 0 9 . 2  ( 5 ) 0 1 0 - S i 8 - 0 9 1 0 6 . 8
O i l - S i 8 - 0 9 1 0 9 . 2  ( 3 ) O i l - S i 8 - 0 1 0 1 0 9 . 4
C 3 5 - S i 8 - 0 9 1 1 2 . 5 ( 3 ) C 3 5 - S i 8 - 0 1 0 1 1 0 . 6
C 3 5 - S i 8 - O i l 1 0 8 . 3  ( 3 ) S i  8 - 0 1 0 - S i 8 1 2 9 . 5
S i 6 - 0 7 - S i 5 1 2 8 . 7  ( 4 ) 0 7 - S i 5 - 0 7 1 0 6 . 3
S i 8 - 0 9 - S i 7 1 2 9 . 0  ( 4 ) 0 9 - S i 7 - 0 9 1 0 6 . 4
S i 8 - O i l - S i 6 1 3 9 . 8  ( 4 ) S i 7 - 0 1 2 - S i 5 1 4 5 . 2
C 2 2 - C 2 1 - S i 5 1 1 1 . 8 ( 6 ) H 2 1 1 - C 2 1 - S i 5 1 1 4
H 2 1 1 - C 2 1 - C 2 2 1 0 4  ( 4 ) H 2 1 1 - C 2 2 - C 2 1 1 0 9
C 2 3 - C 2 2 - C 2 1 1 1 1 . 6 ( 8 ) C 2 3 - C 2 2 - H 2 1 1 1 0 8 . 9
C2 2 - C 2 1 - C 2 2 1 1 1 ( 1 ) C2 4 - C 2 3 - C 2 2 1 1 1
C 2 3 - C 2 4 - C 2 3 1 1 1  ( 1 ) H 2 4 1 - C 2 4 - C 2 3 1 1 2
H 2 4 2 - C 2 4 - C 2 3 1 0 6  ( 3 ) H 2 4 2 - C 2 4 - H 2 4 1 1 0 8
C 2 6 - C 2 5 - S i 6 1 1 4 . 3  ( 6 ) C3 0 - C 2 5 - S i 6 1 1 1 . 6
C 3 0 - C 2 5 - C 2 6 1 1 0 . 0  ( 8 ) C2 7 - C 2 6 - C 2 5 1 1 1 . 1
C2 8 - C 2 7 - C 2  6 1 1 3 . 1 ( 9 ) C2 9 - C 2 8 - C 2 7 1 1 1 . 3
C 3 0 - C 2  9 - C 2 8 1 1 2 . 0  ( 8 ) C2 9 - C 3 0 - C 2 5 1 1 1 . 5
C3 2 - C 3 1 - S i 7 1 1 2 . 0  ( 6 ) H 3 1 1 - C 3 1 - S i 7 1 0 0
H3 1 1 - C 3 1 - C 3 2 1 1 1  ( 3 ) C 3 3 - C 3 2 - C 3 1 1 1 1 . 4
C3 2 - C 3 1 - C 3 2 1 1 1  ( 1 ) C3 4 - C 3 3 - C 3 2 1 1 1
C 3 3 - C 3 4 - C 3 3 1 1 2  ( 1 ) H3 4 1 - C 3 4 - C 3 3 1 1 0
H 3 4 2 - C 3 4 - C 3 3 1 0 9  ( 3 ) H 3 4 2 - C 3 4 - H 3 4 1 1 0 7
































T able 5 continued..
C4 0  - C 3 5  - C 3 6  1 1 1 . 1  ( 8 )
C 3 8  - C 3 7  - C 3 6  1 1 0 . 7  ( 9 )
C4 0  - C 3 9  - C 3 8  1 1 2  ( 1 )
C3 7  - C 3 6  - C 3 5  1 1 1 . 6 ( 8 )
C 3 9  - C 3 8  - C 3 7  1 1 3 ( 1 )
C3 9  - C 4 0  - C 3 5  1 1 0 . 8  ( 9 )
Table 6 Interm olecular distances (A) for Cy6Si60 9 compound 6




S i 2 . . . 0 2 1 . 6 5 - 2 0 . 0 1 . 0 0 . 0
S i 4 . . . S i 4 2 .  98 - 2 0 . 0 1 . 0 0 . 0
S i 4 . . . 0 4 1 . 6 4 - 2 0 . 0 1 . 0 0 . 0
0 1 . . . 0 1 2 .  6 4 - 2 0 . 0 1 . 0 0 . 0
0 1 . . . 0 2 2 . 6 2 - 2 0 . 0 1 . 0 0 . 0
0 1 . . . 0 6 2 . 68 - 2 0 . 0 1 . 0 0 . 0
0 1 . . . C l 2 . 8 9 - 2 0 . 0 1 . 0 0 . 0
0 3 . . . 0 3 2 .  6 3 - 2 0 . 0 1 . 0 0 . 0
0 3 . . . 0 4 2 . 6 1 - 2 0 . 0 1 . 0 0 . 0
0 3 . . . 0 6 2 .  6 5 - 2 0 . 0 1 . 0 0 . 0
0 3 . . . C l l 2 . 8 8 - 2 0 . 0 1 . 0 0 . 0
C2 . . . C2 2 . 5 2 - 2 0 . 0 1 . 0 0 . 0
C2 . . . H2 2 2 . 7 7 - 2 0 . 0 1 . 0 0 . 0
C2 . . . C3 2 .  94 - 2 0 . 0 1 . 0 0 . 0
C2 . . . C4 2 . 5 2 - 2 0 . 0 1 . 0 0 . 0
C2 . . . H 4 1 2 . 8 9 - 2 0 . 0 1 . 0 0 . 0
C2 . . . H I 1 2 . 0 7 - 2 0 . 0 1 . 0 0 . 0
H21 . . . C3 7 2 . 8 4 1 - 1 . 0 0 . 0 0 . 0
H21 . . . H l l 2 . 4 3 - 2 0 . 0 1 . 0 0 . 0
H22 . . . C4 2 . 7 9 - 2 0 . 0 1 . 0 0 . 0
C3 . . . C3 2 . 4 7 - 2 0 . 0 1 . 0 0 . 0
C3 . . . H31 2 . 7 3 - 2 0 . 0 1 . 0 ' 0 . 0
C3 . . . C4 1 . 4 9 - 2 0 . 0 1 . 0 0 . 0
C3 . . . H 4 1 2 . 1 5 - 2 0 . 0 1 . 0 0 . 0
C3 . . . H42 2 . 0 6 - 2 0 . 0 1 . 0 0 . 0
C3 . . . H l l 2 . 6 2 - 2 0 . 0 1 . 0 0 . 0
H31 . . . C4 2 . 1 0 - 2 0 . 0 1 . 0 0 . 0
H31 . . . H4 2 2 . 2 9 - 2 0 . 0 1 . 0 0 . 0
Table 6 continued...




H3 2  . . . C4 2 . 1 1 - 2 0 . 0 1 . 0 0 . 0
H3 2  . . . H 4 1 2 . 4 1 - 2 0 . 0 1 . 0 0 . 0
H3 2  . . . H4 2 2 . 4 4 - 2 0 . 0 1 . 0 0 . 0
H6 2  . . . H i l l 2 . 5 4 1 - 1 . 0 0 . 0 0 . 0
H6 2  . . . H i l l 2 . 5 4 - 2 - 1 . 0 1 . 0 0 . 0
C1 2  . . . C1 2 2 . 5 2 - 2 0 . 0 1 . 0 0 . 0
C1 2  . . . H1 2 1 2 . 7 7 - 2 0 . 0 1 . 0 0 . 0
C1 2  . . . C1 3 2 . 9 5 - 2 0 . 0 1 . 0 0 . 0
C1 2  . . . C1 4 2 . 4 9 - 2 0 . 0 1 . 0 0 . 0
C1 2  . . . H i l l 2 . 1 7 - 2 0 . 0 1 . 0 0 . 0
C1 2  . . . H 1 4 1 2 . 7 5 - 2 0 . 0 1 . 0 0 . 0
H 1 2 1 . . . C1 4 2 . 7 3 - 2 0 . 0 1 . 0 0 . 0
H 1 2 1 . . . H 1 4 1 2 . 5 6 - 2 0 . 0 1 . 0 0 . 0
H 1 2 2  . . . H i l l 2 . 4 6 - 2 0 . 0 1 . 0 0 . 0
C 1 3  . . . C l  3 2 . 5 2 - 2 0 . 0 1 . 0 0 . 0
C1 3  . . . H 1 3 2 2 . 7 8 - 2 0 . 0 1 . 0 0 . 0
C1 3  . . . C1 4 1 . 5 0 - 2 0 . 0 1 . 0 0 . 0
C 1 3  . . . H i l l 2 . 8 9 - 2 0 . 0 1 . 0 0 . 0
C 1 3  . . . H 1 4 1 2 , 1 2 - 2 0 . 0 1 . 0 0 . 0
C1 3  . . . H 1 4 2 2 . 1 1 - 2 0 . 0 1 . 0 0 . 0
H 1 3 1 . . . C1 4 2 . 1 3 - 2 0 . 0 1 . 0 0 . 0
H 1 3 1 . . . H 1 4 1 2 . 4 1 - 2 0 . 0 1 . 0 0 . 0
H 1 3 1 . . . H 1 4 2 2 . 4 5 - 2 0 . 0 1 . 0 0 . 0
H 1 3 2 . . . C1 4 2 . 1 2 - 2 0 . 0 1 . 0 . 0 . 0
H 1 3 2 . . . H 1 4 2 2 . 4 1 - 2 0 . 0 1 . 0 0 . 0
HI 6 2 . . . H 3 4 1 2 . 4 8 - 1 0 . 0 0 . 0 0 . 0
H 1 6 2 . . . H 3 4 1 2 . 4 8 2 0 . 0 - 1 . 0 0 . 0
H 1 7 2 . . . H 2 1 1 2 . 5 9 - 1 0 . 0 0 . 0 0 . 0
S i 6  . . . S i 6 2 . 9 8 - 2 0 . 0 0 . 0 0 . 0
S i 6  . . . 0 8 1 . 6 5 - 2 0 . 0 0 . 0 0 . 0
Table 6 continued
S i 8 . . . S i 8 2 . 9 7
S i 8 . . . 0 1 0 1 . 6 4
o • o 2 . 6 4
0 7  . . . 0 8 2 . 6 3
0 7  . . . 0 1 2 2 . 6 7
0 7  . . . C 2 1 2 . 9 0
0 9  . . . H 2 9 1 2 . 8 2
0 9  . . . 0 9 2 . 6 3
0 9  . . . 0 1 0 2 . 6 3
0 9  . . . 0 1 2 2 . 6 4
0 9  . . . C3 1 2 . 9 0
0 9  . . . H 3 1 1 2 . 9 8
C2 2  . . . C2 2 2 . 5 2
C22  . . . H 2 1 1 2 . 7 8
C22  . . . C2 3 2 . 9 7
C2 2  . . .  C24 2 . 5 5
C2 2  . . . H 2 1 1 2 . 0 7
C22  . . . H 2 4 1 2 . 9 1
H 2 1 1 . . . H2 1 1 2 . 6 1
H 2 1 1 . . . C2 4 2 . 8 2
H 2 2 2 . . . H 2 1 1 2 . 4 1
C2 3  . . . C2 3 2 . 5 3
C2 3  . . . H 2 3 1 2 . 8 0
C2 3  . . . C2 4 1 . 5 3
C2 3  . . . H 2 1 1 2 . 6 6
C2 3  . . . H 2 4 1 2 . 1 8
C23  . . . H 2 4 2 2 . 1 1
H 2 3 1 . . . C2 4 2 . 1 4
H 2 3 1 . . . H 2 1 1 2 . 4 8
H 2 3 1 . . . H 2 4 2 2 . 3 5
H 2 3 2 . . . C2 4 2 . 1 4
H 2 3 2 . . . H 2 4 1 2 . 4 3
CM1 oo oo oo
-2 0.0 0.0 0.0
CM1 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
1 1.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 o.o 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0' 0.0
CM1 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
-2 0.0 0.0 0.0
Table 6 continued...
H 2 3 2 . . . H 2 4 2 2 . 4 8 - 2
oo oo oo
H 2 7 1 . . . C3 9 2 . 9 6 - 1 0 . 0 0 . 0 1 . 0
H 3 0 1 . . . H4 2 2 . 5 7 - 1 l . ' O 0 . 0 1 . 0
H 3 0 1 . . . H42 2 . 5 7 2 1 . 0 0 . 0 1 . 0
C3 2  . . . C 3 2 2 . 5 3 - 2 0 . 0 0 . 0 0 . 0
C3 2  . . . H 3 2 2 2 . 8 1 - 2 0 . 0 0 . 0 0 . 0
C3 2  . . . C 3 3 2 . 9 5 - 2 0 . 0 0 . 0 0 . 0
C3 2  . . . C 3 4 2 . 5 2 - 2 0 . 0 0 . 0 0 . 0
C3 2  . . . H 3 1 1 2 . 1 6 - 2 0 . 0 0 . 0 0 . 0
C3 2  . . . H 3 4 1 2 . 8 0 - 2 0 . 0 0 . 0 0 . 0
H 3 2 1 . . . H 3 1 1 2 . 4 3 - 2 0 . 0 0 . 0 0 . 0
H 3 2 2 . . . C3 4 2 . 7 9 - 2 0 . 0 0 . 0 0 . 0
H 3 2 2 . . . H 3 4 1 2 . 6 3 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . C 3 3 2 . 4 9 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . H 3 3 2 2 . 7 5 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . C 3 4 1 . 5 0 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . H 3 1 1 2 . 8 7 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . H 3 4 1 2 . 1 3 - 2 0 . 0 0 . 0 0 . 0
C3 3  . . . H 3 4 2 2 . 1 2 - 2 0 . 0 0 . 0 0 . 0
H 3 3 1 . . . C3 4 2 . 1 2 - 2 0 . 0 0 . 0 0 . 0
H 3 3 1 . . . H 3 4 1 2 . 4 1 - 2 0 . 0 0 . 0 0 . 0
H 3 3 1 . . . H3 4 2 2 . 4 5 - 2 0 . 0 0 . 0 0 . 0
H 3 3 2 . . . C3 4 2 . 1 2 - 2 0 . 0 0 . 0 0 . 0
H 3 3 2 . . . H3 4 2 2 . 4 2 - 2 0 . 0 0 . 0 0 . 0
H 4 0 1 . . . H 1 4 1 2 . 4 7 - 1 0 . 0 0 . 0  . 1 . 0
H 4 0 1 . . . H 1 4 1 2 . 4 7 2 0 . 0 0 . 0 1 . 0
H 1 4 2 . . . H l l 2 . 4 4 1 1 . 0 0 . 0 0 . 0
H 2 1 1 . . . H 3 4 2 2 . 6 1 1 - 1 . 0 0 . 0 0 . 0
Table 7 Intram olecular distances (A) for compound 6
S i l . . . S i 2 2 . 9 5 S i l . . . C2 2 .
S i l . . . H2 1 2 . 9 8 S i l . . . H2 2 2 .
S i l . . . H l l 2 . 5 1 S i 2 . . . H51 2 .
S i 2 . . . C 6 2 . 8 2 S i 2 . . . H62 2 .
S i 2 . . . CI O 2 . 8 7 S i 3 . . . S i 4 2 .
S i 3 . . . C 1 2 2 . 8 1 S i 3 . . . H1 2 1 2 .
S i 3 . . . H1 2 2 3 . 0 0 S i 3 . . . H i l l 2 .
S i 4 . . . H1 5 1 2 . 3 8 S i 4 . . . C l  6 2 .
S i 4 . . . HI  61 2 .  95 S i 4 . . . HI 62 2 .
S i 4 . . . C2 0 2 . 8 2 S i 4 . . . H2 0 1 2 .
S i 4 . . . H2 0 2 2 .  98 0 1 . . . 0 2 2 .
0 1 . . . 0 5 2 . 6 6 0 1 . . . 0 6 2 .
0 1 . . . C l 2 . 8 9 0 1 . . . H2 1 2 .
0 1 . . . C 5 2 . 8 6 0 1 . . . H51 2 .
0 2 . . . 0 5 2 .  6 5 0 2 . . . C5 2 .
0 2 . . . H6 2 2 . 7 0 0 3 . . . 0 4 2 .
0 3 . . . 0 5 2 . 6 6 0 3 . . . 0 6 2 .
0 3 . . . C l l 2 . 8 8 0 3 . . . H1 2 2 2 .
0 3 . . . C1 5 2 . 8 8 0 3 . . . H1 5 1 3 .
0 3 . . . H 2 7 2 2 . 8 3 0 4 . . . 0 5 2 .
0 4 . . . C1 5 2 . 8 6 0 4 . . . HI  62 2 .
0 5 . . . C 5 2 . 8 9 0 5 . . . H I 01 2 .
0 5 . . . C1 5 2 . 8 4 0 5 . . . HI  61 2 .
0 5 . . . H2 0 2 2 . 8 6 0 6 . . . C l 2 .
0 6 . . . H2 2 2 .  91 0 6 . . . C l l 2 .
0 6 . . . H1 2 1 2 . 8 7 C l . . . H2 1 2 .
C l . . . H2 2 2 . 1 5 C l . . . C3 2 .
C l . . . H31 2 . 7 9 C l . . . C4 2 .






























T a b l e  7 c o n t in u e d . .
C2 . . . C 4 2 . 5 2 C2 . . H 4 1 2 .
C2 . . . H l l 2 . 0 7 H2 1 . . C3 2 .
H2 1 . . . H l l 2 . 4 3 H2 2 . . C3 2 .
H2 2 . . . C 4 2 . 7 9 C3 . . H 4 1 2 .
C3 . . . H4 2 2 . 0 6 C3 . . H l l 2 .
H3 1 . . . C4 2 . 1 0 H3 1 . . H42 2 .
H3 1 . . . H l l 2 . 4 2 H3 2 . . C4 2 .
H3 2 . . . H 4 1 2 . 4 1 H3 2 . . H42 2 .
C5 . . . H61 2 . 1 2 C5 . . H62 2 .
C5 . . . C7 2 . 5 4 C5 . . H 7 1 2 .
C5 . . . C 8 2 . 9 8 C5 . . C9 2 .
C5 . . . H9 2 2 . 7 7 C5 . . H 1 0 1 2 .
C5 . . . H I 0 2 2 . 1 6 H5 1 . . C 6 2 .
H5 1 . . . C l 2 . 7 7 H5 1 . . C9 2 .
H5 1 . . . CI O 2 . 1 5 C 6 . . H 7 1 2 .
C 6 . . . H7 2 2 . 1 5 C 6 , . C8 2 .
C 6 . . . H8 2 2 . 8 2 C 6 . . C9 2 .
C 6 . . . CI O 2 . 4 9 C 6 . . H1 0 1 2 .
H6 1 . . . C l 2 . 1 5 H6 1 . . C8 2 .
H6 1 . . . CI O 2 . 7 4 H6 2 . . C7 2 .
C7 . . . H 8 1 2 . 1 0 C l . . H82 2 .
C l . . . C 9 2 . 4 4 C l . . H92 2 .
C l . . . CI O 2 . 9 4 H71 . . C8 2 .
H7 1 . . . C9 2 . 7 4 H7 2 . . C 8 2 .
C 8 . . . H9 1 2 . 0 7 C 8 . . H92 2 .
C 8 . . . CI O 2 . 5 3 C 8 . . H1 0 1 2 .
H8 1 . . . C9 2 . 0 9 H82 . . C9 2 .
H8 2 . . . CI O 2 . 8 2 C9 . . H1 0 1 2 .
C9 . . . H I 02 2 . 1 6 H9 1 . . CI O 2 .
H9 2 . . . CI O 2 . 1 3 H 1 0 2 . . C2 8 2 .

































C l l  . . . C 1 3 2 . 5 9
C l l  . . . C1 4 2 . 9 8
C 1 2  . . . H 1 3 2 2 . 1 5
C 1 2  . . . H i l l 2 . 1 7
H 1 2 1 . . . C1 3 2 . 1 3
H 1 2 1 . . . H1 4 1 2 . 5 6
H 1 2 2 . . . H i l l 2 . 4 6
C 1 3  . . . H 1 4 1 2 . 1 2
H 1 3 1 . . . C14 2.. 1 3
H 1 3 1 . . . H 1 4 2 2 . 4 5
H 1 3 2 . . . H1 4 2 2 . 4 1
C 1 5  . . . H I 62 2 . 1 6
C 1 5  . . . H 1 7 2 2 . 7 8
C 1 5  . . . C1 9 2 . 5 4
C 1 5  . . . H 2 0 1 2 . 1 5
H 1 5 1 . . . C 1 6 2 . 1 6
H 1 5 1 . . . C1 9 2 . 7 9
C l  6 . . . H 1 7 1 2 . 1 5
C l  6 . . . C 1 8 2 . 5 3
C l  6 . . . C1 9 2 . 9 7
C l  6 . . . H 2 0 2 2 . 7 7
HI  6 1 . . . C18 2 . 8 0
H 1 6 2 . . . C1 7 2 . 1 5
C1 7  . . . H 1 8 2 2 . 1 1
C 1 7  . . . H 1 9 2 2 . 7 8
H 1 7 1 . . . C1 8 2 . 1 1
H 1 7 2 . . . C1 9 2 . 7 6
C1 8  . . . H 1 9 2 2 . 1 5
C 1 8  . . . H2 0 2 2 . 7 4
H I 8 2 . . . C l  9 2 . 1 4
C l  9 . . . H2 0 1 2 . 1 2
H 1 9 1 . . . C2 0 2 . 1 3
C l l  . . . H1 3 2 2 . 8 5
C1 2  . . . H 1 3 1 2 . 1 6
C 1 2  . . . C1 4 2 . 4 9
C1 2  . . . H1 4 1 2 . 7 5
H 1 2 1 . . . C1 4 2 . 7 3
H 1 2 2 . . . C1 3 2 . 1 4
C 1 3  . . . H i l l 2 . 8 9
C 1 3  . . . H1 4 2 2 . 1 1
H 1 3 1 . . . H1 4 1 2 . 4 1
H I 3 2 .  . . C14 2 . 1 2
C 1 5  . . . HI  61 2 . 1 6
C 1 5  . . . C17 2 . 5 3
C 1 5  . . . C l 8 2 . 9 6
C 1 5  . . . H I 92 2 . 8 0
C 1 5  . . . H 2 0 2 2 . 1 5
H 1 5 1 . . . C17 2 . 8 0
H 1 5 1 . . . C2 0 2 . 1 4
C l  6 . . . H1 7 2 2 . 1 4
C l  6 . . . H I 82 2 . 7 8
C l  6 . . . C2 0 2 . 5 3
H 1 6 1 . . . C1 7 2 . 1 5
HI  6 1 . . . C2 0 2 . 8 0
C1 7  . . . H 1 8 1 2 . 1 2
C 1 7  . . . C 1 9 2 . 5 1
C1 7  . . . C 2 0 2 .  92
H 1 7 2 . . . C1 8 2 . 1 1
C1 8  . . . H1 9 1 2 . 1 5
C l 8 . . . C 2 0 2 . 5 0
H 1 8 1 . . . C l 9 2 . 1 4
HI  8 2 . . . C2 0 2 . 7 6
C l 9 . . . H 2 0 2 2 . 1 2
HI  9 2 . . . C2 0 2 . 1 3
T a b l e  7 c o n t in u e d . . .
S i 5 . . . S i  6 2 . 9 5
S i 5 . . . H2 11 2 . 9 7
S i 5 . . . H2 1 1 2 . 4 8
S i 6 . . . C2 6 2 . 8 4
S i 6 . . . H 3 0 1 2 .  94
S i 7 . . . S i 8 2 . 9 6
S i 7 . . . H3 2 1 2 . 9 8
S i 7 . . . H3 1 1 2 . 3 0
S i 8 . . . C3 6 2 . 8 0
S i 8 . . . H 3 6 2 2 . 9 6
S i 8 . . . H 4 0 1 2 .  97
0 7 . . . 0 8 2 .  63
0 7 . . . 0 1 2 2 .  67
0 7 . . . H2 2 2 2 . 9 3
0 8 . . . 0 1 1 2 . 6 6
0 8 . . . H2 5 1 3 . 0 0
0 9 . . . 0 1 0 2 .  6 3
0 9 . . . 0 1 2 2 .  64
0 9 . . . H 3 2 1 2 .  9 5
0 9 . . . H 3 1 1 2 .  98
0 1 0 . . . C 3 5 2 . 8 6
O i l . . . C2 5 2 . 8 4
O i l . . . H2 62 2 . 9 3
O i l . . . H 3 6 2 2 . 7 9
0 1 2 . . . C2 1 2 . 8 3
0 1 2 . . . 0 3 1 2 . 8 2
C 2 1 . . . H2 1 1 2 . 1 4
C 2 1 . . . 0 2 3 2 . 5 5
C 2 1 . . . 0 2 4 2 . 9 8
C 2 2 . . . H 2 3 2 2 . 1 6
C 2 2 . . . H 2 1 1 2 . 0 7
S i 5 . . . 0 2 2 2 . 8 0
S i 5 . . . H2 2 2 2 . 9 6
S i 6 . . . H 2 5 1 2 . 3 7
S i 6 . . . 0 3 0 2 . 8 1
S i 6 . . . H 3 0 2 3 . 0 0
S i 7 . . . 0 3 2 2 . 8 1
S i 7 . . . H 3 2 2 2 . 9 7
S i 8 . . . H 3 5 1 2 . 3 9
S i 8 . . . H3 6 1 2 . 9 6
S i 8 . . . 0 4 0 2 . 7 8
S i 8 . . . H4 0 2 2 . 9 5
0 7 ... 0 1 1 2 . 6 5
0 7 . . . 0 2 1 2 . 9 0
0 7 . . . 0 2 5 2 . 9 0
0 8 . . . 0 2 5 2 . 8 5
0 8 . . . H 3 0 1 2 . 8 4
0 9 . . . 0 1 1 2 . 6 6
0 9 . . . 0 3 1 2 . 9 0
0 9 . . . 0 3 5 2 . 8 9
0 1 0 .. . 0 1 1 2 . 6 7
0 1 0 . . . H 4 0 1 2 . 8 3
O i l . . . H 2 5 1 2 . 9 8
O i l . . . 0 3 5 2 . 8 1
O i l . . . H4 0 2 2 . 9 7
0 1 2 . . . ' H211 2 .  92
0 1 2 . . . H 3 2 2 2 . 9 2
0 2 1 . . . H2 2 2 2 . 1 4
0 2 1 . . . H2 3 1 2 . 8 2
0 2 2 . . . H 2 3 1 2 . 1 6
0 2 2 . . . 0 2 4 2 . 5 5
0 2 2 . . . H 2 4 1 2 . 9 1
Table 7 continued..
H 2 1 1 . . . H 2 2 2 1 . 7 6
H 2 1 1 . . . H 2 3 2 2 . 4 4
H 2 2 2 . . . C2 3 2 . 1 6
C 2 3  . . . H 2 1 1 2 . 6 6
C 2 3  . . . H 2 4 2 2 . 1 1
H 2 3 1 . . . H 2 1 1 2 . 4 8
H 2 3 2 . . . C24 2 . 1 4
H 2 3 2 . . . H 2 4 2 2 . 4 8
C 2 5  . . . H 2 6 2 2 . 1 3
C 2 5  . . . H 2 7 1 2 . 7 9
C 2 5  . . . C2 9 2 . 5 4
C 2 5  . . . H 3 0 1 2 . 1 5
H 2 5 1 . . . C2 6 2 . 1 0
H 2 5 1 . . . C2 9 2 . 7 8
C 2 6  . . . H 2 7 1 2 . 1 4
C 2 6  . . . C2 8 2 . 5 2
C 2 6  '. . . C 2 9 2 . 9 3
C2 6 . . . H 3 0 2 2 . 7 7
H 2 6 1 . . . C2 8 2 . 8 1
H 2 6 2 . . . C2 7 2 . 1 4
C 2 7  . . . H 2 8 2 2 . 1 1
C 2 7  . . . H 2 9 2 2 . 7 4
H 2 7 1 . . . C2 8 2 . 1 1
H 2 7 2 . . . C2 8 2 . 1 0
C 2 8  . . . H 2 9 2 2 . 1 1
C 2 8  . . . H 3 0 2 2 . 7 8
H 2 8 2 . . . C 2 9 2 . 1 1
C2 9 . . . H 3 0 1 2 . 1 4
H 2 9 1 . . . C3 0 2 . 1 4
C3 1  . . . H 3 2 1 2 . 1 4
C 3 1  . . . C 3 3 2 . 5 5
C3 1  . . . C3 4 2 .  9 6
H 2 1 1 . . . C2 3 2 . 1 6
H 2 1 1 . . . C24 2 . 8 2
H 2 2 2 . . . H2 1 1 2 . 4 1
C 2 3  . . . H 2 4 1 2 . 1 8
H 2 3 1 . . . C24 2 . 1 4
H 2 3 1 . . . H2 4 2 2 . 3 5
H 2 3 2 . . . H2 4 1 2 . 4 3
C 2 5  . . . H 2 6 1 2 . 1 4
C 2 5  . . . C2 7 2 . 5 2
C 2 5  . . . C 2 8 2 . 9 6
C 2 5  . . . H 2 9 2 2 . 8 0
C 2 5  . . . H 3 0 2 2 . 1 5
H 2 5 1 . . . C27 2 . 7 4
H 2 5 1 . . . C3 0 2 . 1 5
C 2 6  . . . H 2 7 2 2 . 1 4
C 2 6  . . . H 2 8 2 2 . 8 1
C 2 6  . . . C 3 0 2 . 5 1
H 2 6 1 . . . C2 7 2 . 1 4
H 2 6 1 . . . C3 0 2 . 7 8
C2 7  . . . H 2 8 1 2 . 1 1
C 2 7  . . . C 2 9 2 . 4 7
C2 7  . . . C 3 0 2 . 9 1
H 2 7 1 . . . C 2 9 2 . 7 4
C2 8  . . . H 2 9 1 2 . 1 0
C 2 8  . . . 0 3 0 2 . 5 1
H 2 8 1 . . . C2 9 2 . 1 1
H 2 8 2 . . . C3 0 2 . 7 8
C 2 9  . . . H 3 0 2 2 . 1 4
H 2 9 2 . . . C3 0 2 . 1 4
C3 1  . . . H 3 2 2 2 . 1 4
C 3 1  . . . H 3 3 2 2 . 8 1
C 3 2  . . . H 3 3 1 2 . 1 6
T a b l e  7 c o n t in u e d . . .
C 3 2  . . . H3 3 2 2 . 1 6
C 3 2  . . . H 3 1 1 2 . 1 6
H 3 2 1 . . . C3 3 2 . 1 6
H 3 2 2 . . . C3 3 2 . 1 6
H 3 2 2 . . . H 3 4 1 2 . 6 3
C 3 3  . . . H 3 4 1 2 . 1 3
H 3 3 1 . . . C3 4 2 . 1 2
H 3 3 1 . . . H3 4 2 2 . 4 5
H 3 3 2 . . . H 3 4 2 2 . 4 2
C 3 5  . . . H 3 6 2 2 . 1 5
C 3 5  . . . H 3 7 1 2 . 8 2
C 3 5  . . . C3 9 2 . 5 2
C 3 5  . . . H4 0 1 2 . 1 3
H 3 5 1 . . . C3 6 2 . 1 4
H 3 5 1 . . . C3 9 2 . 7 4
C 3 6  . . . H 3 7 1 2 . 1 5
C 3 6  : . . C3 8 2 . 5 1
C 3 6  . . . C 3 9 2 . 9 3
C 3 6  . . . H 4 0 2 2 . 8 0
H 3 6 2  . . . C3 7 2 . 1 5
H 3 6 2 . . . C4 0 2 . 8 0
C 3 7  . . . H 3 8 2 2 . 1 2
C 3 7  . . . H 3 9 2 2 . 7 5
H 3 7 1 . . . C3 8 2 . 1 3
H 3 7 2 . . . C3 8 2 . 1 3
C 3 8  . . . H 3 9 2 2 . 0 9
C 3 8  . . . H 4 0 2 2 . 7 8
H 3 8 2 . . . C 3 9 2 . 0 9
C 3 9  . . . H 4 0 1 2 . 1 6
H 3 9 1 . . . C4 0 2 . 1 5
H4 1  . . . H4 2 1 . 7 4
C3 2  . . C34 2 . 5 2
C3 2  . . . H 3 4 1 2 . 8 0
H 3 2 1 . . . H 3 1 1 2 . 4 3
H 3 2 2 . . . C3 4 2 . 7 9
C 3 3  . . . H 3 1 1 2 . 8 7
C 3 3  . . . H 3 4 2 2 . 1 2
H 3 3 1 . . . H 3 4 1 2 . 4 1
H 3 3 2 . . . C34 2 . 1 2
C 3 5  . . . H 3 6 1 2 . 1 5
C 3 5  . . . C37 2 . 5 5
C 3 5  . . . C 3 8 2 . 9 4
C 3 5  . . . H 3 9 2 2 . 7 8
C 3 5  . . . H 4 0 2 2 . 1 3
H 3 5 1 . . . C3 7 2 . 7 8
H 3 5 1 . . . C4 0 2 . 1 1
C 3 6  . . . H 3 7 2 2 . 1 5
C 3 6  . . . H 3 8 2 2 . 7 7
C 3 6  . . . C 4 0 2 . 5 2
H 3 6 1 . . . C3 7 2 . 1 4
H 3 6 2 . . . C3 8 2 . 7 9
C3 7  . . . H 3 8 1 2 . 1 3
C3 7  . . . C 3 9 2 . 4 9
C 3 7  . . . C 4 0 2 . 9 6
H 3 7 1 . . . C3 9 2 . 7 7
C3 8  . . . 9 3 9 1 2 . 0 9
C3 8  . . . C4 0 2 . 5 1
H 3 8 1 . . . C3 9 2 . 0 9
H 3 8 2 . . . C4 0 2 . 7 6
C 3 9  . . . H 4 0 2 2 . 1 5
H 3 9 2 . . . C4 0 2 . 1 5
H I 4 1  . . . H I 4 2 1 . 7 4
X-ray crystallography supplementary tables for 
hexaphenyl-l,3 ,5-trisiloxane-l,5-diol,  compound 3
T a b l e  8 F ra c t io n a l  a to m ic  c o o r d in a t e s  a n d  t h e r m a l  p a r a m e t e r s  (A) fo r
P h 2( H O )S iO S i (P h 2) O S i ( O H ) P h 2 ( c o m p o u n d  3)
A t o m X y z u e q
S i l 0 . 5 0 9 7 3) 0 . 3 5 2 5  ( 2 ) 0 . 2 4 5 8  ( 2 ) 0 . 0 4 4  ( 1 )
S i 2 0 . 5 1 0 5 3) 0 . 1 2 7 5 ( 2 ) 0 . 2 1 5 1  ( 2 ) 0 . 0 4 1  ( 1 )
S i 3 0 . 3 7 5 8 3) 0 . 2 7 6 8  ( 2 ) - 0 . 0 0 2 0  ( 2 ) 0 . 0 4 6  ( 2)
0 1 0 . 5 3 2 2 7) 0 . 2 3 0 4  ( 4 ) 0 . 2 3 8 7  ( 4 ) 0 . 0 5 9  ( 4 )
0 2 0 . 4 4 7 9 7) 0 . 1 7 8 0 ( 4 ) 0 . 1 0 2 2 ( 4 ) 0 . 0 5 2  ( 4 )
0 3 0 . 3 7 8 5 7) 0 . 4 0 3 4  ( 4 ) - 0 . 0 0 9 5  ( 4 ) 0 . 0 5 5 ( 4 )
0 4 0 . 4 6 7 9 7) 0 . 4 5 4 1 ( 5 ) 0 . 1 3 4 2  ( 4 ) 0 . 0 5 9  ( 4 )
C4 0 . 1 8 4 6 1 4 ) 0 . 4 0 3 4  ( 1 1 ) 0 . 4 9 0 8  ( 9 ) 0 . 1 0 7  ( 1 0 )
C5 0 . 2 1 0 2 1 6 ) 0 . 4 9 5 9  ( 1 1 ) 0 . 4 0 9 6  ( 1 1 ) 0 . 1 2 4  ( 1 2 )
C 6 0 . 3 0 1 0 1 3 ) 0 . 4 8 2 2 ( 9 ) 0 . 3 3 3 2  ( 8 ) 0 .  0 9 0  ( 9 )
C 8 0 . 7 0 3 1 1 6 ) 0 . 3 6 9 0 ( 1 0 ) 0 . 3 6 5 2  ( 8 ) 0 . 1 0 4  ( 1 0 )
C9 0 . 8 3 6 2 2 0 ) 0 . 3 7 2 5 ( 1 3 ) 0 . 3 8 4 2 ( 1 2 ) 0 . 1 2 1  ( 1 3 )
CIO . 0 . 9 4 3 2 2 0 ) 0 . 3 6 0 1  ( 1 2 ) 0 . 3 1 8 9  ( 1 5 ) 0 . 1 2 4  ( 1 5 )
C l l 0 . 9 2 4 4 1 6 ) 0 . 3 4 9 0  ( 1 2 ) 0 . 2 3 3 6  ( 1 3 ) 0 . 1 0 7  ( 1 3 )
C1 2 0 . 7 9 4 1 1 2 ) 0 . 3 4 5 3  ( 8 ) 0 . 2 1 7 1  ( 8 ) 0 . 0 7 2  ( 8 )
C l  4 0 . 7 9 8 1 1 2 ) 0 . 0 2 5 0  ( 9 ) 0 . 2 6 5 2  ( 8 ) 0 . 0 8 2  ( 8 )
C 1 5 0 . 9 2 2 5 1 4 ) - 0 . 0 5 9 9  ( 1 1 ) 0 . 2 7 6 7  ( 1 0 ) 0 . 1 0 4  ( 1 1 )
C l  6 0 . 9 3 3 0 1 2 ) - 0 . 1 4 7 3 ( 9 ) 0 . 2 4 8 9  ( 8 ) 0 . 0 7 3  ( 9)
C1 7 0 . 8 1 9 4 1 3 ) - 0 . 1 5 2 6  ( 9 ) 0 . 2 0 9 5  ( 8 ) 0 . 0 7 9  ( 8 )
C2 1 0 .  1 4 4 4 1 1 ) 0 . 0 6 2 5  ( 1 0 ) 0 . 3 7 0 1  ( 8 ) 0 . 0 7 0  ( 8 )
C2 2 0 . 1 9 3 6 1 5 ) - 0 . 0 2 8 3  ( 1 0 ) 0 . 4 5 6 3  ( 8 ) 0 .  0 8 3  ( 9)
C 2 3 0 . 3 3 0 7 1 4 ) - 0 . 0 7 3 4  ( 1 0 ) 0 . 4 7 0 7 ( 8 ) 0 . 0 7 7 ( 9 )
C2 7 0 . 6 8 0 2 1 5 ) 0 . 1 5 3 3  ( 1 1 ) - 0 . 1 7 9 1  ( 1 1 ) 0 . 1 0 3  ( 1 1 )
C 2 8 0 . 6 3 0 1 1 4 ) 0 . 2 1 4 9  ( 1 2 ) - 0 . 2 7 5 5  ( 1 1 ) 0 . 1 0 3 ( 1 1 )
C 2 9 0 . 5 0 5 9 1 5 ) 0 . 2 9 5 0  ( 1 1 ) - 0 . 2 8 9 2  ( 8 ) 0 . 0 9 8  ( 1 0 )
T a b le  8 continued...
C3 2 0 . 1 5 1 1  ( 1 4 ) 0 . 1 7 6 4  ( 1 0 ) 0 . 0 3 1 0  ( 8 ) 0 . 0 8 9 ( 9 )
C3 3 0 . 0 2 0 1  ( 1 7 ) 0 . 1 7 3 6 ( 1 5 ) 0 . 0 2 4 0  ( 1 1 ) 0 . 1 2 3 ( 1 3 )
C3 4 - 0 . 0 8 6 6  ( 1 7 ) 0 . 2 7 2 9  ( 1 9 ) - 0 . 0 1 9 4  ( 1 3 ) 0 . 1 5 9 ( 1 7 )
C 3 5 - 0 .  0 4 2 0  ( 1 9 ) 0 . 3 6 8 6  ( 1 4 ) - 0 . 0 5 6 6  ( 1 2 ) 0 . 1 3 7 ( 1 5 )
C 3 6 0 . 0 8 9 2  ( 1 4 ) 0 . 3 7 3 5  ( 1 1 ) - 0 . 0 4 8 1  ( 1 0 ) 0 . 1 0 7 ( 1 1 )
C l 0 . 3 7 3 7  ( 1 0 ) 0 . 3 7 2 2  ( 7) 0 . 3 3 8 7  ( 6 ) 0 . 0 5 5 ( 2 )
C2 0 . 3 3 8 1  ( 1 0 ) 0 . 2 8 2 1  ( 8 ) 0 . 4 1 9 2  ( 7 ) 0 . 0 6 4  ( 3 )
C3 0 . 2 4 7 4  ( 1 2 ) 0 . 2 9 6 9  ( 9 ) 0 .  4 9 4 8  ( 8 ) 0 . 0 7 3 ( 3 )
C l 0 . 6 8 0 0  ( 1 0 ) 0 . 3 5 8 0  ( 7 ) 0 . 2 7 9 5 ( 6 ) 0 . 0 5 1  ( 2)
C1 3 0 . 6 8 1 1  ( 9 ) 0 . 0 2 1 5  ( 6 ) 0 . 2 2 6 1  ( 6 ) 0 . 0 4 1  ( 2 )
C1 8 0 . 6 9 5 7  ( 1 2 ) - 0 . 0 6 9 2  ( 8 ) 0 . 1 9 9 4  ( 7 ) 0 . 0 6 9 ( 3 )
C l  9 0 . 3 8 1 4  ( 9 ) 0 . 0 6 2 6  ( 6 ) 0 . 3 0 8 2 ( 5 ) 0 . 0 4 1  ( 2)
C 2 0 0 . 2 4 1 2  ( 1 1 ) 0 . 1 0 6 4  ( 8 ) 0 . 2 9 5 9  ( 7 ) 0 . 0 6 9 ( 3 )
C2 4 0 . 4 3 0 4  ( 1 2 ) - 0 . 0 3 0 1  ( 8 ) 0 . 3 9 8 1  ( 7 ) 0 . 0 7 1  ( 3 )
C2 5 0 .  4 8 3 0  ( 1 0 ) 0 . 2 4 9 4  (7) - 0 . 1 0 9 5 ( 6 ) 0 . 0 4 8 ( 2 )
C 2 6 0 . 6 0 6 6  ( 1 2 ) 0 . 1 6 9 2 ( 9 ) - 0 . 0 9 7 9  ( 8 ) 0 . 0 7 3 ( 3 )
C3 0 0 . 4 2 6 2  ( 1 1 ) 0 . 3 1 5 0  ( 8 ) - 0 . 2 0 8 3  ( 7 ) 0 . 0 6 3 ( 3 )
C3 1 0 . 1 9 0 2  ( 1 0 ) 0 . 2 7 6 2  ( 8 ) - 0 .  0 0 5 8  ( 6 ) 0 . 0 5 1  ( 2 )
H4 0 . 4 0 9  ( 7 ) 0 . 4 4 9  ( 6 ) 0 . 0 8 4  ( 4 ) 0 . 0 5
Table 9 Fractional atomic coordinates for the hydrogen atom s for
Ph2(HO)SiOSi(Ph2)OSi(OH)Ph2 com pound 3
A t o m X y z
H2 1 0 . 3 8 2 9 0 . 1 9 6 5 0 . 4 2 2 3
H3 1 0 . 2 2 5 2 0 . 2 2 4 1 0 . 5 5 7 5
H41 0 . 1 1 5 9 0 . 4 1 5 4 0 . 5 5 1 5
H5 1 0 . 1 5 8 5 0 . 5 8 0 6 0 . 4 0 6 8
H6 1 0 . 3 1 3 4 0 . 5 5 6 6 0 . 2 6 7 8
H8 1 0 . 6 1 7 9 0 . 3 7 6 1 0 . 4 1 8 2
H9 1 0 . 8 5 1 6 0 . 3 8 5 7 0 . 4 5 0 7
HI 0 1 1 . 0 4 6 2 0 . 3 5 8 7 0 . 3 3 6 9
H i l l 1 . 0 0 9 9 0 . 3 4 2 8 0 . 1 8 0 6
HI 2 1 0 . 7 7 9 7 0 . 3 3 3 3 0 . 1 4 9 8
HI  4 1 0 . 7 9 4 3 0 . 0 9 4 7 0 . 2 8 6 5
H 1 5 1 1 . 0 1 3 4 - 0 . 0 5 8 2 0 . 3 0 9 4
HI 61 1 . 0 3 0 4 - 0 . 2 1 3 1 0 . 2 5 7 6
H 1 7 1 0 . 8 2 6 1 - 0 . 2 2 0 7 0 . 1 8 5 1
HI  8 1 0 . 6 0 5 3 - 0 . 0 7 5 2 0 . 1 6 9 3
H 2 0 1 0 . 2 0 2 9 0 . 1 7 8 3 0 . 2 2 6 5
H 2 1 1 0 . 0 3 2 6 0 . 0 9 9 7 0 . 3 5 8 1
H 2 2 1 0 . 1 2 1 2 - 0 . 0 6 4 5 0 . 5 1 3 7
H 2 3 1 0 . 3 6 6 3 - 0 . 1 4 4 4 0 . 5 4 1 3
H 2 4 1 0 . 5 4 1 9 - 0 . 0 6 8 2 0 . 4 1 0 9
H 2 6 1 0 . 6 4 7 9 0 . 1 1 6 5 - 0 . 0 2 2 6
H 2 7 1 0 . 7 8 1 5 0 . 0 9 1 8 - 0 . 1 6 9 0
H 2 8 1 0 . 6 8 6 5 0 . 1 9 9 6 - 0 . 3 3 9 3
H 2 9 1 0 . 4 6 7 7 0 . 3 4 5 8 - 0 . 3 6 5 6
H 3 0 1 0 . 3 2 5 2 0 . 3 7 7 0 - 0 . 2 1 9 8
Ta b l e  9 cont i nued. . .
H3 2 1 0 . 2 2 8 6 0 . 0 9 6 4 0 . 0 6 6 6
H3 3 1 - 0 . 0 0 6 0 0 . 0 9 2 6 0 . 0 5 3 8
H3 4 1 - 0 . 1 9 5 0 0 . 2 7 4 6 - 0 . 0 2 3 7
H3 5 1 - 0 . 1 1 6 6 0 . 4 4 8 2 - 0 . 0 9 8 1
H3 6 1 0 . 1 1 1 6 0 . 4 5 5 4 - 0 . 0 7 3 5
a Code for numbering o f  hydrogen atoms: H361 is hydrogen 1 on carbon 36
} o
T ab le  10 • A nisotropic therm al param eters (A)
Ph2(H O )SiO Si(Ph 2 )O Si(O H )P h2 com pound 3
A t o m U l l U2 2 U 3 3 U2 3 U1 3 U 12
S i l 0 . 0 5 5 2 ) 0 . 0 3 9  ( 1 ) 0 . 0 3 8  ( 1 ) - 0 . 0 1 5  ( 1 ) 0 . 0 0 5  ( 1 ) - 0 . 0 1 8  ( 1 )
S i 2 0 . 0 5 2 2 ) 0 . 0 3 3  ( 1 ) 0 . 0 4 0  ( 1 ) - 0 . 0 1 1  ( 1 ) 0 .  0 0 4  ( 1 ) - 0 . 0 1 9  ( 1 )
S i 3 0 . 0 5 6 2 ) 0 . 0 4 4  ( 1 ) 0 . 0 3 7  ( 1 ) - 0 . 0 1 1  ( 1 ) 0 . 0 0 2  ( 1 ) - 0 . 0 2 0  ( 1 )
0 1 0 . 0 7 8 5) 0 . 0 4 6 ( 3 ) 0 . 0 5 3  ( 3 ) - 0 . 0 2 2  ( 3) 0 . 0 1 4  ( 3) - 0 . 0 3 1  ( 3)
0 2 0 . 0 7 5 5) 0 . 0 4 1 ( 3 ) 0 . 0 4 1  ( 3 ) - 0 . 0 0 2  ( 3) - 0 . 0 0 8 ( 3 ) - 0 . 0 2 0  ( 3 )
0 3 0 . 0 8 1 5) 0 . 0 4 0  ( 3 ) 0 . 0 4 3  ( 3) - 0 . 0 1 5  (3) - 0 . 0 0 2  ( 3 ) - 0 . 0 2 2  ( 3 )
0 4 0 . 0 8 8 5) 0 . 0 4 9 ( 3 ) 0 . 0 3 8  ( 3) - 0 . 0 1 3 ( 3 ) - 0 . 0 0 3  (3) - 0 . 0 3 4  ( 3)
C4 0 . 1 1 8 1 2 ) 0 . 1 2 5 ( 1 1 ) 0 . 0 7 7  ( 8 ) - 0 . 0 5 5 ( 8 ) 0 . 0 5 3  ( 8 ) - 0 . 0 3 3  ( 9)
C5 0 . 1 5 4 15) 0 . 0 8 2 ( 9 ) 0 . 1 3 5 ( 1 2 ) - 0 . 0 6 2  ( 9) 0 . 0 5 9  ( 1 1 ) - 0 . 0 0 2  (9)
C 6 0 . 1 2 4 1 2 ) 0 . 0 5 7  ( 7 ) 0 . 0 8 8  ( 8 ) - 0 . 0 3 1  ( 6 ) 0 . 0 4 4  ( 8 ) - 0 . 0 1 3  (7)
C 8 0 . 1 2 6 13) 0 . 1 0 8 ( 1 0 ) 0 . 0 7 9  ( 8 ) - 0 . 0 3 3  ( 7) - 0 . 0 0 9  ( 7 ) - 0 .  0 6 0  ( 9)
C9 0 . 1 2 1 1 6) 0 . 1 2 5  ( 1 2 ) 0 . 1 1 7  ( 1 3 ) - 0 . 0 5 7  ( 1 0 ) - 0 . 0 3 4  ( 1 0 ) - 0 . 0 3 3  ( 1 1 )
CI O 0 . 1 0 1 16) 0 . 1 0 2  ( 1 1 ) 0 . 1 7 0  ( 1 9 ) - 0 . 0 2 6 ( 1 2 ) - 0 .  0 6 5  ( 1 3 ) - 0 . 0 2 2  ( 1 0 )
C l l 0 . 0 7 3 13 ) 0 . 1 0 7  ( 1 1 ) 0 . 1 4 0  ( 1 4 ) - 0 . 0 1 7  ( 1 0 ) 0 . 0 1 7  ( 9) - 0 . 0 2 7  ( 9)
C 1 2 0 . 0 4 3 9) 0 . 0 7 6  ( 7 ) 0 . 0 9 6  ( 8 ) - 0 . 0 2 8  ( 6 ) - 0 .  0 0 4  ( 6 ) - 0 . 0 1 3  ( 6 )
C1 4 0 . 0 7 9 1 0 ) 0 . 0 6 6  ( 7 ) 0 . 1 0 1  ( 8 ) - 0 .  0 4 7  ( 6 ) - 0 . 0 0 6  (7) - 0 . 0 1 7  ( 7)
C 1 5 0 . 0 7 0 1 1 ) 0 . 0 8 9 ( 9 ) 0 . 1 5 4  ( 1 2 ) - 0 . 0 5 8  ( 9) - 0 . 0 1 0  ( 8 ) - 0 . 0 2 2  ( 8 )
C l  6 0 . 0 4 4 9) 0 . 0 6 9  ( 7 ) 0 . 1 0 5 ( 9 ) - 0 . 0 3 1  ( 7) 0 . 0 1 0  ( 6 ) 0 . 0 0 1  ( 6 )
C1 7 0 . 0 7 8 1 0 ) 0 . 0 6 7  ( 7 ) 0 . 0 9 1  ( 8 ) - 0 . 0 5 1  ( 6 ) 0 . 0 2 0  (7) - 0 . 0 1 1  ( 7)
C2 1 0 . 0 3 2 8 ) 0 . 0 9 3 ( 8 ) 0 . 0 8 4  ( 8 ) - 0 . 0 0 5 ( 7 ) 0 . 0 0 6  ( 5) - 0 . 0 1 6 ( 6 )
C 2 2 0 . 0 8 6 1 1 ) 0 . 0 9 5  ( 9 ) 0 . 0 6 8  ( 8 ) - 0 . 0 1 9  (7) 0 . 0 3 1  ( 7 ) - 0 . 0 4 4  ( 8 )
C 2 3 0 . 0 7 4 1 0 ) 0 . 0 9 6 ( 9 ) 0 . 0 6 1  (7) 0 . 0 2 9  ( 6 ) 0 . 0 2 3 ( 6 ) - 0 . 0 2 3  ( 8 )
C 2 7 0 .  1 0 5 1 2 ) 0 . 0 9 3 ( 9 ) 0 . 1 1 1  ( 1 0 ) - 0 . 0 5 2  ( 9) 0 . 0 3 8  ( 9) - 0 . 0 2 2  ( 8 )
C 2 8 0 . 0 8 3 1 2 ) 0 . 1 1 7  ( 1 1 ) 0 . 1 1 1  ( 1 1 ) - 0 .  0 7 6  ( 9) 0 . 0 5 9  ( 9) - 0 . 0 4 6  ( 9 )
C 2 9 0 .  1 3 3 1 3 ) 0 . 1 1 3 ( 1 0 ) 0 . 0 4 8  ( 6 ) - 0  . 0 3 9  ( 7) 0 . 0 2 9  ( 7) - 0 . 0 5 7  ( 1 0 )
C 3 2 0 . 0 9 7 1 1 ) 0 . 0 7 8  ( 8 ) 0 . 0 9 1  ( 8 ) - 0 . 0 1 9  ( 6 ) - 0 . 0 0 4  ( 7 ) - 0 . 0 5 0  ( 8 )
C 3 3 0 . 0 7 6 13 ) 0 . 1 5 1  ( 1 4 ) 0 . 1 4 1  ( 1 2 ) - 0 . 0 7 5  ( 1 1 ) 0 . 0 3 2  ( 9 ) - 0 . 0 7 8  ( 11
C34 0 . 0 5 1 1 3 ) 0 . 2 5 9 ( 2 3 ) 0 . 1 6 7  ( 1 5 ) - 0 . 1 4 4  ( 1 7 ) 0 . 0 4 1 ( 1 0 ) - 0 . 0 8 2  ( 14
C 3 5 0 .  1 0 7 1 7 ) 0 . 1 2 2  ( 1 3 ) 0 . 1 8 1  ( 1 7 ) - 0 . 0 5 0  ( 1 2 ) - 0 . 0 3 6  ( 1 2 ) - 0 . 0 1 6  ( 1 2
C 3 6 0 . 0 6 3 1 1 ) 0 . 0 8 3 ( 9 ) 0 . 1 7 5  ( 1 4 ) - 0  . 0 4 4  ( 9 ) - 0 . 0 0 2 ( 9 ) - 0 . 0 2 7  ( 8 )
Table 11 Bond lengths (A) fo r Ph2(HO)SiOSi(Ph2)OSi(OH)Ph2
compound 3
S i l - 0 1 1 . 6 1 8 6 ) S i l  - 0 4 1 . 6 3 1  ( 6 )
S i l - C l 1 . 8 2 7 9) S i l  - C l 1 . 8 4 7  ( 9 )
S i 2 - 0 1 1 .  6 1 4 6 ) S i 2  - 0 2 1 . 6 1 8 ( 6 )
S i 2 - C 1 3 1 . 8 3 9 9) S i 2  - C l 9 1 . 8 6 3 ( 8 )
S i 3 - 0 2 1 .  6 1 7 6 ) S i 3  - 0 3 1 . 6 5 1  ( 5 )
S i 3 - C 2 5 1 . 8 7 5 9) S i 3  - C 3 1 1 . 8 5 4  ( 1 0 )
Cl - C2 1 . 3 8 7 1 1 ) C l  - C 6 1 . 4 0 5  ( 1 3 )
C2 - C 3 1 .  3 7 0 1 2 ) C3 - C 4 1 . 3 5 2  ( 1 4 )
C4 - C5 1 . 3 7 2 1 5 ) C5 - C 6 1 . 3 7 6  ( 1 4 )
C l - C 8 1 . 3 5 8 1 3 ) C l  - C 1 2 1 . 3 7 5  ( 1 3 )
C 8 - C 9 1 . 4 0 0 1 8 ) C9 - C I O 1 . 3 5 2  ( 2 0 )
CIO - C l l 1 .  3 4 1 1 9 ) C l l  - C 1 2 1 . 3 6 3 ( 1 6 )
C l  3 - C l  4 1 .  3 7 4 1 3 ) C l 3 - C l 8 1 . 3 7 5  ( 1 1 )
C l  4 - C 1 5 1 . 3 8 4 1 5 ) C 1 5  - C l  6 1 . 3 5 0  ( 1 5 )
C l  6 - C l  7 1 .  3 5 8 1 4 ) C l 7 - C l 8 1 . 3 7 2  ( 1 4 )
C l  9 - C 2 0 1 .  3 4 8 1 2 ) C l 9 - C 2 4 1 . 3 9 4  ( 1 1 )
C2 0 - C 2 1 1 . 4 0 6 13 ) C2 1  - C 2 2 1 . 3 5 3  ( 1 4 )
C2 2 - C 2 3 1 . 3 2 4 1 5 ) C 2 3  - C 2 4 1 . 4 1 4  ( 1 3 )
C2 5 - C 2 6 1 . 3 4 8 1 2 ) C 2 5  - C 3 0 1 . 4 2 0  ( 1 2 )
C2 6 - C 2 7 1 . 3 6 3 1 4 ) C2 7  - C 2 8 1 . 3 6 5  ( 1 6 )
C2 8 - C 2 9 1 . 3 5 1 1 6 ) C 2 9  - C 3 0 1 . 4 0 3  ( 1 3 )
C31 - C 3 2 1 . 3 6 6 1 2 ) C3 1  - C 3 6 1 . 3 4 4  ( 1 4 )
C3 2 - C 3 3 1 . 3 3 1 1 6 ) C 3 3  - C 3 4 1 . 3 9 2  ( 2 0 )
C34 - C 3 5 1 . 3 4 7 2 0 ) C 3 5  - C 3 6 1 . 3 4 6  ( 1 8 )
Table 12 Bond angles (°) for Ph2(HO)SiOSi(Ph2)OSi(OH)Ph2 compound 
3
0 4 - S i l - 0 1 1 0 9 . 1 3) C l - S i l - 0 1 1 1 1 . 0  ( 4 )
C l - S i l - 0 4 . 1 1 0 . 5 4) C l - S i l - 0 1 1 0 7 . 9  ( 4 )
C7 - S i l - 0 4 1 0 6 . 9 4) C l - S i l - C l 1 1 1 . 2  ( 4 )
0 2 - S i 2 - 0 1 1 0 9 . 3 3) C 1 3 - S i 2 - 0 1 1 0 8 . 8  ( 4 )
C l  3 - S i 2 - 0 2 1 1 0 . 6 3) C l  9 - S i 2 - 0 1 1 0 8 . 4  ( 3 )
C l  9 - S i 2 - 0 2 1 0 8 . 9 4) C l  9 - S i 2 - C 1 3 1 1 0 . 8  ( 4 )
0 3 - S i 3 - 0 2 1 1 0 . 4 3) C 2 5 - S i 3 - 0 2 1 0 7 . 5  (4)
C 2 5 - S i 3 - 0 3 1 0 8 . 3 3) C3 1 - S i 3 - 0 2 1 0 9 . 8  ( 4 )
C3 1 - S i 3 - 0 3 1 0 8 . 5 4) C3 1 - S i 3 - C 2 5 1 1 2 . 4  ( 4)
S i 2 - 0 1 - S i l 1 6 3 . 1 5) S i 3 - 0 2 - S i 2 1 5 5 . 7  (4)
C 6 - C l - C 2 1 1 6 . 0 9) C3 - C 2 - C l 1 2 3  ( 1)
C4 - C 3 - C 2 1 2 0 1 ) C5 - C 4 - C 3 1 2 0  ( 1 )
C 6 - C 5 - C 4 1 2 1 1 ) C5 - C 6 - C l 1 2 0  ( 1 )
C 8 - C l - S i l 1 2 4 . 4 9) C1 2 - C 7 - S i l 1 1 8 . 9  ( 8 )
C 1 2 - C l - C 8 1 1 7 1 ) C9 - C 8 - C l 1 2 0  ( 1 )
CI O - C 9 - C 8 1 2 0 2 ) C l l - C I O - C 9 1 2 2  ( 2 )
C1 2 - C l l - C I O 1 1 7 1 ) C l l - C 1 2 - C l 1 2 4  ( 1)
C1 4 - C 1 3 - S i 2 1 2 2 . 6 7) C l  8 - C 1 3 - S i 2 1 2 0 . 9 ( 7 )
C l  8 - C 1 3 - C 1 4 1 1 6 . 4 9) C l  5 - C l  4 - C 1 3 1 2 0  ( 1 )
C l  6 - C 1 5 - C l  4 1 2 1 1 ) C l  7 - C l  6 - C 1 5 1 1 9 ( 1 )
C l  8 - C 1 7 - C l  6 1 1 9 1 ) C l  7 - C l  8 - C 1 3 1 2 3 ( 1 )
C 2 0 - C 1 9 - S i 2 1 2 2 . 7 7) C2 4 - C l  9 - S i 2 1 1 9 . 1  ( 7)
C2 4 - C l  9 - C 2 0 1 1 8 . 0 9) C2 1 - C 2 0 - C l  9 1 2 2  ( 1 )
C 2 2 - C 2 1 - C2 G 1 1 9 1 ) C 2 3 - C 2 2 - C 2 1 1 2 0  ( 1 )
C2 4 - C 2 3 - C 2 2 1 2 2 1 ) C2 3 - C 2 4 - C l  9 1 1 8  ( 1 )
C 2 6 - C 2 5 - S i 3 1 2 4 . 1 7) ' C 3 0 - C 2 5 - S i 3 1 1 7 . 0  ( 7)
C 3 0 - C 2 5 - C 2  6 1 1 8 . 8 9) C2 7 - C 2  6 - C 2 5 1 2 1  ( 1 )
C 2 8 - C 2 7 - C 2 6 1 2 2 1 ) C2 9 - C 2 8 - C l l 1 1 8  ( 1 )
X-ray crystallography supplementary tables for 
,1,3,5,5,5-heptaphenyl-3-boral,5-siloxane,  compound 16
T a b le  13 F r a c t io n a l  a to m ic  c o o r d in a t e s  a n d  t h e r m a l  p a r a m e t e r s  (A) fo r
P h B ( P h 3S iO )2 c o m p o u n d  16
A t o m X y z U i s o  o r  U e q (  *  *  X
S i l 0 .  6 7 8 9 7  ( 6 ) 0 . 0 3 0 1 7  ( 1 1 ) 0 . 5 8 4 7 7  ( 5 ) 0 .  0 4 6 1  ( 6 ) * * *
S i 2 0 . 8 4 6 6 8  ( 5 ) 0 . 1 1 4 7 0  ( 1 1 ) 0 . 7 8 6 2 1  ( 5 ) 0 . 0 4 2 1 ( 6 ) *  * *
B1 0 . 8 0 1 0  ( 2 ) 0 . 1 9 6 5 ( 4 ) 0 .  6 5 0 5  ( 2 ) 0 . 0 4 1  ( 2 ) * * X
C2 0 . 6 8 2 1  ( 2 ) - 0 . 2 5 3 4 ( 3 ) 0 . 6 2 2 0  ( 2 ) 0 . 0 7 7  ( 3 ) * * X
C3 0 . 6 6 3 5 ( 2 ) - 0 . 3 6 8 4  ( 3 ) 0 . 6 5 7 8  ( 2 ) 0 . 0 9 2  ( 4 ) •k -k -k
C4 0 . 6 1 2 3 ( 2 ) - 0 . 3 5 6 1  ( 3 ) 0 . 7 0 1 2  ( 2 ) 0 . 1 0 1 ( 5 ) k k k
C5 0 . 5 7 9 7  ( 2 ) - 0 . 2 2 8 8  ( 3 ) 0 . 7 0 9 0  ( 2 ) 0 . 0 9 8  ( 4 ) k k k
C 6 0 . 5 9 8 3  ( 2 ) - 0 . 1 1 3 8  ( 3 ) 0 . 6 7 3 3  ( 2 ) 0 . 0 8 0  ( 3 ) k  k *
. C l 0 . 6 4 9 5 ( 2 ) - 0 . 1 2 6 1 ( 3 ) 0 . 6 2 9 8 ( 2 ) 0 . 0 5 5 ( 2 ) * * *
C 8 0 . 6 6 0 3 ( 1 ) - 0 . 1 1 1 7  ( 3 ) 0 . 4 5 9 0  ( 1 ) 0 . 0 6 5 ( 3 ) ★ * *
C9 0 . 6 8 1 2  ( 1 ) - 0 . 1 6 3 7  ( 3 ) 0 . 3 9 9 6  ( 1 ) 0 . 0 7 8  ( 3 ) * * X
CIO 0 . 7 5 0 0  ( 1 ) - 0 . 1 3 3 8  ( 3 ) 0 . 3 8 4 8  ( 1 ) 0 . 0 7 6 ( 3 ) k k k
C l l 0 . 7 9 7 9  ( 1 ) - 0 . 0 5 1 9  ( 3 ) 0 . 4 2 9 3  ( 1 ) 0 . 0 7 2  ( 3 ) k  k X
C1 2 0 . 7 7 7 0  ( 1 ) 0 . 0 0 0 1  ( 3 ) 0 . 4 8 8 7  ( 1 ) 0 . 0 5 8  ( 2 ) ★ * *
Cl 0 . 7 0 8 2  ( 1 ) - 0 . 0 2 9 8 ( 3 ) 0 . 5 0 3 5  ( 1 ) 0 . 0 5 3 ( 2 ) k  k x
C1 4 0 . 5 6 1 3 ( 1 ) 0 . 1 7 7 9  ( 3 ) 0 . 5 0 6 1  ( 1 ) 0 . 0 5 9 ( 3 ) * * r
C 1 5 0 . 5 0 5 2  ( 1 ) 0 . 2 7 4 8  ( 3 ) 0 .  4 9 6 7  ( 1 ) 0 . 0 7 0  ( 3 ) k  k x
C l  6 0 . 4 9 0 8  ( 1 ) 0 . 3 5 3 1  ( 3 ) 0 . 5 5 2 0  ( 1 ) 0 . 0 7 9 ( 3 ) * ★ X
C1 7 0 . 5 3 2 5  ( 1 ) 0 . 3 3 4 6  ( 3 ) 0 . 6 1 6 5  ( 1 ) 0 . 0 7 9  ( 3 ) * * X
C l  8 0 . 5 8 8 6  ( 1 ) 0 . 2 3 7 7  ( 3 ) 0 . 6 2 5 9  ( 1 ) 0 . 0 7 0  ( 3 ) k k x
C1 3 0 . 6 0 3 0  ( 1 ) 0 . 1 5 9 4  ( 3 ) 0 . 5 7 0 6  ( 1 ) 0 . 0 4 9  ( 2 ) * * X
C2 0 0 . 7 5 7 9  ( 1 ) 0 . 3 6 1 4 ( 3 ) 0 . 5 4 8 6  (-1) 0 . 0 6 3  ( 3 ) k k x
C2 1 0 . 7 6 7 7  ( 1 ) 0 . 4 7 7 8  ( 3 ) 0 . 5 0 9 7  ( 1 ) 0 . 0 7 8  ( 3 ) *  *  x
C2 2 0 . 8 3 1 1  ( 1 ) 0 . 5 5 5 8  ( 3 ) 0 . 5 2 5 3  ( 1 ) 0 . 0 7 8  ( 3 ) k x x
C 2 3 0 . 8 8 4 7  ( 1 ) 0 . 5 1 7 6 ( 3 ) 0 . 5 7 9 8  ( 1 ) 0 .  0 7 6  ( 3 ) * * x
C2 4 0 . 8 7 4 9  ( 1 ) 0 . 4 0 1 2  ( 3 ) 0 . 6 1 8 7  ( 1 ) 0 . 0 5 9 ( 3 ) k k x
T a b le  13 continued ...
C l  9 0 . 8 1 1 5  ( 1 ) 0 . 3 2 3 1 ( 3 ) 0 . 6 0 3 1  (1) 0 . 0 4 6  ( 2 )
C 2 6 0 . 7 2 8 7  ( 2 )  ; 0 . 2 7 0 7  ( 2 ) 0 . 8 1 6 4  ( 2) 0 .  0 8 4  ( 3 )
C2 7 0 . 6 6 0 4  ( 2 ) 0 . 2 9 1 6  ( 2 ) 0 . 8 3 4 4  ( 2) 0 . 1 0 1  ( 4 )
C2 8 0 . 6 1 6 6  ( 2 ) 0 . 1 7 8 7  ( 2 ) 0 . 8 4 3 6  (2) 0 . 0 8 1 ( 3 )
C2 9 0 . 6 4 1 2  ( 2 ) 0 . 0 4 4 9  ( 2 ) 0 . 8 3 4 7  (2) 0 . 0 8 5 ( 4 )
C3 0 0 . 7 0 9 5  ( 2 ) 0 . 0 2 4 0  ( 2 ) 0 . 8 1 6 7  (2) 0 . 0 6 7  ( 3 )
C 2 5 0 . 7 5 3 3  ( 2 ) 0 . 1 3 7 0  ( 2 ) 0 . 8 0 7 6  (2) 0 .  0 4 6  ( 2 )
C3 2 0 . 9 7 0 7  ( 1 ) 0 . 2 8 6 6  ( 3 ) 0 . 8 2 8 1  ( 1 ) 0 . 0 5 3 ( 2 )
C3 3 1 . 0 2 0 8  ( 1 ) 0 . 3 5 6 2  ( 3 ) 0 . 8 7 6 3  (1) 0 . 0 6 2  ( 3 )
C3 4 1 . 0 1 3 6  ( 1 ) 0 . 3 5 3 7  ( 3 ) 0 .  9 4 5 2  ( 1) 0 . 0 7 0 ( 3 )
C3 5 0 . 9 5 6 4  ( 1 ) 0 . 2 8 1 5  ( 3 ) 0 . 9 6 5 9 ( 1 ) 0 . 0 8 0  ( 3 )
C 3 6 0 . 9 0 6 2  ( 1 ) 0 . 2 1 1 9 ( 3 ) 0 . 9 1 7 7  (1) 0 . 0 6 8  ( 3 )
C3 1 0 . 9 1 3 4  ( 1 ) 0 . 2 1 M  ( 3 ) 0 . 8 4 8 8  ( 1) 0 . 0 4 4  ( 2 )
C3 8 0 . 9 2 1 5 ( 1 ) - 0 . 1 2 8 7  ( 3 ) 0 . 8 4 0 9 ( 1 ) 0 . 0 6 5 ( 3 )
C 3 9 0 . 9 3 7 8  ( 1 ) - 0 . 2 6 9 2  ( 3 ) 0 . 8 4 1 4  ( 1) 0 . 0 7 6 ( 3 )
C4 0 0 . 9 0 4 7  ( 1 ) - 0 . 3 5 4 1  ( 3 ) 0 . 7 8 8 4  (1) 0 . 0 7 3 ( 3 )
C4 1 0 . 8 5 5 2  ( 1 ) - 0 . 2 9 8 3  ( 3 ) 0 . 7 3 4 9  (1) 0 . 0 7 3  ( 3 )
C 4 2 0 . 8 3 8 8  ( 1 ) - 0 . 1 5 7 8  ( 3 ) 0 . 7 3 4 4  ( 1 ) 0 . 0 6 2  ( 3 )
C3 7 0 . 8 7 1 9  ( 1 ) - 0 . 0 7 2 9 ( 3 ) 0 . 7 8 7 3  (1) 0 . 0 4 8  ( 2 )
0 1 0 . 7 4 8 1  ( 1 ) 0 . 0 9 9 6 ( 3 ) 0 . 6 3 4 9 ( 1 ) 0 . 0 5 2  ( 1 )
0 2 0 . 8 4 8 2  ( 1 ) 0 . 1 8 2 4  ( 3 ) 0 . 7 1 0 3  ( 1 ) 0 . 0 4 9  ( 1 )
*  *  *  
k * * 
*  * * 
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k k  
k k x 
k k k  
k k k
Table 14 Fractional atomic coordinates to r tne nydrogen atoms ior
PhB(Ph3SiO )2 com pound 16
A t o m X y z
H2 0 . 7 2 1 8 - 0 . 2 6 2 9 0 . 5 8 8 4
H3 0 . 6 8 8 7 - 0 . 4 6 7 0 0 . 6 5 1 8
H4 0 . 5 9 7 9 - 0 . 4 4 5 2 0 . 7 2 8 9
H5 0 . 5 4 0 0 - 0 . 2 1 9 3 0 . 7 4 2 6
H6 0 . 5 7 3 1 - 0 . 0 1 5 2 0 . 6 7 9 3
H8 0 . 6 0 7 0 - 0 . 1 3 4 9 0 . 4 7 0 5
H9 0 . 6 4 4 1 - 0 . 2 2 7 1 0 . 3 6 5 2
HI  0 0 . 7 6 6 1 - 0 . 1 7 4 0 0 . 3 3 8 8
HI  1 0 . 8 5 1 1 - 0 . 0 2 8 7 0 . 4 1 7 8
H1 2 0 . 8 1 4 0 0 . 0 6 3 5 0 . 5 2 3 2
H14 0 . 5 7 2 5 0 . 1 1 7 3 0 . 4 6 3 3
H1 5 0 . 4 7 2 9 0 . 2 8 9 1 0 . 4 4 6 8
HI  6 0 . 4 4 7 4 0 . 4 2 8 1 0 . 5 4 4 7
H1 7 0 . 5 2 1 3 0 . 3 9 5 2 0 . 6 5 9 3
H1 8 0 . 6 2 0 9 0 . 2 2 3 3 0 . 6 7 5 8
H2 0 0 . 7 0 8 8 0 . 3 0 1 0 0 . 5 3 6 6
H2 1 0 . 7 2 6 2 0 . 5 0 7 4 0 . 4 6 7 5
H2 2 0 . 8 3 8 7 0 . 6 4 5 9 0 . 4 9 5 2
H2 3 0 . 9 3 3 8 0 . 5 7 8 0 0 . 5 9 1 9
H24 0 . 9 1 6 3 0 . 3 7 1 6 0 . 6 6 0 9
H2 6 0 . 7 6 2 6 0 . 3 5 8 2 0 . 8 0 9 3
H2 7 0 . 6 4 1 4 0 . 3 9 5 2 0 . 8 4 1 2
H2 8 0 . 5 6 3 7 0 . 1 9 4 8 0 . 8 5 7 5
H2 9 0 . 6 0 7 3 - 0 . 0 4 2 5 0 . 8 4 1 8
H3 0 0 . 7 2 8 5 - 0 . 0 7 9 5 0 . 8 0 9 9
H3 2 0 . 9 7 6 3 0 . 2 8 8 5 0 . 7 7 4 8
H3 3 1 . 0 6 5 2 0 . 4 1 2 1 0 . 8 6 0 3




0 . 8 6 1 9 0 . 1 5 6 1 0 . 9 3 3 7
H3 8 0 . 9 4 7 1 - 0 . 0 6 3 0 0 . 8 8 1 9
H3 9 0 . 9 7 6 2 - 0 . 3 1 2 4 0 . 8 8 2 8
H4 0 0 . 9 1 7 4 - 0 . 4 6 2 9 0 . 7 8 8 8
H41 0 . 8 2 9 6 - 0 . 3 6 4 0 0 . 6 9 3 9
H4 2 0 . 8 0 0 5 - 0 . 1 1 4 6 0 . 6 9 2 9
T able  15 Anisotropic therm al param eters (A) for PhB(Ph3SiO)2
compound 16
A t o m U l l U 2 2 U 3 3 U2 3 U1 3 U1 2
S i l 0 . 0 4 5 1 ) 0 . 0 5 6  ( 1 ) 0 . 0 3 8  ( 1 ) - 0 . 0 0 3  ( 1 ) 0 . 0 0 5 1 ) - 0 . 0 1 0 1
S i 2 0 . 0 4 1 1 ) 0 . 0 5 0  ( 1 ) 0 . 0 3 5  ( 1 ) - 0 . 0 0 1  ( 1 ) 0 . 0 0 2 1 ) - 0 . 0 0 2 1
B1 0 . 0 3 5 2 ) 0 . 0 5 3  ( 2 ) 0 . 0 3 4  ( 2 ) - 0 . 0 0 2  (2 ) 0 . 0 0 1 2 ) - 0 . 0 0 1 2
C2 0 . 0 8 2 3) 0 . 0 6 3  ( 3) 0 . 0 8 6  ( 3 ) 0 . 0 0 4  ( 3) 0 . 0 0 3 3) - 0 . 0 1 3 3
C3 0 . 1 0 8 4) 0 . 0 6 9  ( 3 ) 0 . 0 9 9  ( 4 ) 0 . 0 2 0  ( 3) - 0 . 0 0 6 3) - 0 . 0 2 6 3
C4 0 . 1 4 2 6 ) 0 . 0 9 9  ( 5 ) 0 . 0 6 4  ( 3 ) 0 . 0 1 5  (3) - 0 . 0 1 2 3) - 0 . 0 6 2 4
C5 0 . 1 1 5 5) 0 . 1 2 1  ( 5 ) 0 . 0 5 9  ( 3 ) - 0 . 0 0 3  (3) 0 . 0 2 6 3) - 0 . 0 6 0 4
C 6 0 . 0 9 4 4) 0 . 0 9 2  ( 4 ) 0 . 0 5 3  ( 2 ) - 0 . 0 0 8  ( 3) 0 . 0 2 1 2 ) - 0 . 0 3 6 3
C l 0 . 0 5 6 2 ) 0 . 0 6 8  ( 3 ) 0 . 0 4 3  ( 2 ) - 0 . 0 0 7  ( 2) 0 .0 0 0 2 ) - 0 . 0 1 9 2 ;
C8 0 . 0 6 9 3) 0 . 0 7 2 ( 3 ) 0 . 0 5 4  ( 2 ) - 0 . 0 1 5  (2) 0 . 0 1 6 2 ) - 0 . 0 1 8 2
C9 0 . 1 0 4 4) 0 . 0 7 4  ( 3 ) 0 . 0 5 6  ( 3 ) - 0 . 0 1 7  ( 2) 0 . 0 1 5 3) - 0 . 0 1 6 3
CIO 0 . 0 9 4 4) 0 . 0 7 2  ( 3 ) 0 . 0 6 1  ( 3 ) - 0 . 0 1 0  ( 2 ) 0 . 0 3 1 3) 0 . 0 0 8 3:
C l l 0 . 0 6 3 3) 0 . 0 8 2  ( 3) 0 . 0 7 1  ( 3 ) - 0 . 0 0 8  ( 3 ) 0 . 0 2 4 2 ) 0 . 0 0 3 2 ;
C1 2 0 . 0 5 7 2 ) 0 . 0 6 2  ( 3 ) 0 . 0 5 5  ( 2 ) - 0 . 0 0 3 ( 2 ) 0 . 0 0 9 2 ) - 0 . 0 0 1 2 :
C l 0 . 0 5 4 2 ) 0 . 0 5 6  ( 2 ) 0 . 0 4 7  ( 2 ) 0 . 0 0 0  ( 2 ) 0 . 0 0 8 2 ) - 0 . 0 0 2 2 ;
C 1 4 0 . 0 5 4 2 ) 0 . 0 7 5  ( 3 ) 0 . 0 5 0  ( 2 ) 0 . 0 0 2  ( 2 ) 0 . 0 0 2 2 ) - 0 . 0 0 7 2 ;
C 1 5 0 . 0 5 1 3) 0 . 0 8 2  ( 3 ) 0 . 0 7 8  ( 3 ) 0 . 0 1 4  ( 3 ) 0 . 0 0 3 2 ) - 0 . 0 0 1 2 :
C l  6 0 . 0 5 8 3) 0 . 0 6 7  ( 3 ) 0 . 1 1 0  ( 4 ) 0 . 0 0 9 ( 3 ) 0 . 0 2 1 3) - 0 . 0 0 2 2 ;
C1 7 0 . 0 6 7 3) 0 . 0 7 6 ( 3 ) 0 . 0 9 3  ( 4 ) - 0 . 0 2 6  ( 3 ) 0 . 0 2 4 3) - 0 . 0 0 6 3:
C 1 8 0 . 0 6 6 3) 0 . 0 8 2  ( 3 ) 0 . 0 6 1  ( 3 ) - 0 . 0 2 1  ( 2 ) 0 . 0 1 0 2 ) - 0 . 0 0 6 2 :
C 1 3 0 . 0 4 0 2 ) 0 . 0 5 4  ( 2 ) 0 . 0 5 1  ( 2 ) - 0 . 0 0 2  ( 2 ) 0 . 0 0 7 2 ) - 0 . 0 1 0 2 ;
C2 0 0 . 0 5 8 2 ) 0 . 0 8 0  ( 3 ) 0 . 0 5 1  ( 2 ) 0 . 0 1 6  ( 2 ) 0 . 0 0 8 2 ) - 0 . 0 0 1 2 ;
C2 1 0 . 0 8 1 3) 0 . 0 8 7  ( 4 ) 0 . 0 6 6  ( 3 ) 0 . 0 3 0  ( 3 ) 0 . 0 1 2 2 ) 0 . 0 1 0 3;
C2 2 0 . 1 0 4 4) 0 . 0 5 8  ( 3 ) 0 . 0 7 1  ( 3 ) 0 . 0 1 4  ( 2 ) 0 . 0 3 3 3) 0 . 0 0 2 3;
C 2 3 0 . 0 8 6 3) 0 . 0 6 3  ( 3 ) 0 . 0 8 0 ( 3 ) 0 . 0 0 1  ( 2 ) 0 . 0 1 7 3) - 0 . 0 2 1 3]
C 2 4 0 . 0 6 4 3) 0 . 0 5 9  ( 3 ) 0 . 0 5 5 ( 2 ) 0 . 0 0 4  ( 2 ) 0 . 0 0 5 2 ) - 0 . 0 1 3 2 ]
C l  9 0 . 0 4 7 2 ) 0 . 0 5 5  ( 2 ) 0 . 0 3 4  ( 2 ) - 0 . 0 0 3  ( 2 ) 0 . 0 1 0 2 ) 0 .0 0 0 2 ]
Table 15 continued
C2 6 0 . 0 7 4 3) 0 . 0 6 6  ( 3) 0 . 1 1 3  ( 4 ) - 0 . 0 1 7  ( 3 ) 0 . 0 2 5  ( 3 ) 0 . 0 0 5  ( 2 )
C 2 7 0 . 0 8 1 4) 0 . 0 8 7  ( 4) 0 . 1 3 5 ( 5 ) - 0 . 0 2 4  ( 4 ) 0 . 0 3 8  ( 4 ) 0 . 0 1 8  ( 3 )
C 2 8 0 . 0 5 4 3) 0 . 1 1 9 ( 4 ) 0 . 0 7 0  ( 3 ) - 0 . 0 2 0  ( 3 ) 0 . 0 1 5  (2) 0 . 0 0 8  ( 3 )
C2 9 0 . 0 6 6 3) 0 . 0 9 1  ( 4 ) 0 . 0 9 7  ( 4 ) - 0 . 0 1 3  ( 3 ) 0 . 0 2 8  ( 3) - 0 . 0 1 7  ( 3 )
C 3 0 0 . 0 5 3 2 ) 0 . 0 6 9  ( 3 ) 0 . 0 7 8  ( 3 ) 0 . 0 0 2  ( 2 ) 0 . 0 2 0  ( 2 ) - 0 . 0 0 5  ( 2 )
C 2 5 0 . 0 4 7 2 ) 0 . 0 5 4  ( 2 ) 0 . 0 3 8  ( 2 ) - 0 . 0 0 8  ( 2 ) 0 . 0 0 4  ( 2) - 0 . 0 0 2  ( 2 )
C 3 2 0 . 0 4 6 2 ) 0 . 0 5 3  ( 2 ) 0 . 0 6 0  ( 2 ) - 0 . 0 0 1  ( 2 ) - 0 . 0 0 1  ( 2 ) 0 . 0 0 2  ( 2 )
C 3 3 0 . 0 4 5 2 ) 0 . 0 5 8  ( 3 ) 0 . 0 8 2  ( 3 ) - 0 . 0 1 1  ( 2 ) 0 . 0 0 2  ( 2 ) - 0 . 0 0 2  ( 2 )
C 3 4 0 . 0 5 8 3) 0 . 0 8 2  ( 3) 0 . 0 7 1  ( 3 ) - 0 . 0 3 2  ( 3 ) - 0 . 0 1 1  ( 2 ) 0 . 0 0 1  ( 2 )
C 3 5 0 . 0 8 0 3) 0 . 1 1 0  ( 4 ) 0 . 0 4 9  ( 2 ) - 0 . 0 2 2  ( 3 ) - 0 . 0 0 3  (2) - 0 . 0 0 7  ( 3 )
C 3 6 0 . 0 7 0 3) 0 . 0 9 2  ( 4) 0 . 0 4 2  ( 2 ) - 0 . 0 0 4  ( 2 ) - 0 . 0 0 1  ( 2 ) - 0 . 0 1 3  ( 3 )
C 3 1 0 . 0 4 6 2 ) 0 . 0 4 8  ( 2) 0 . 0 3 9  ( 2 ) 0 . 0 0 0  ( 2 ) 0 . 0 0 2  ( 2 ) 0 . 0 0 3  ( 2 )
C 3 8 0 . 0 7 0 3) 0 . 0 6 8  ( 3 ) 0 . 0 5 6  ( 3 ) 0 . 0 0 3  ( 2 ) - 0 . 0 0 3  (2) 0 . 0 0 8  ( 2 )
C 3 9 0 . 0 7 0 3) 0 . 0 7 5  ( 3 ) 0 . 0 8 3  ( 3 ) 0 . 0 2 2  ( 3 ) 0 . 0 0 2  ( 3) 0 . 0 1 1  ( 3 )
C 4 0 0 . 0 . 7 2 3) 0 . 0 5 6  ( 3 ) 0 . 0 9 0  ( 3 ) 0 . 0 1 2  ( 3 ) 0 . 0 2 1  ( 3) 0 . 0 1 4  ( 2)
C4 1 0 . 0 8 1 3) 0 . 0 5 8  ( 3 ) 0 . 0 8 1  ( 3 ) - 0 . 0 1 6  ( 2 ) 0 . 0 1 1  (3) 0 . 0 1 0  ( 2 )
C 4 2 0 . 0 6 2 3) 0 . 0 6 1  ( 3 ) 0 . 0 6 3  ( 3 ) - 0 . 0 1 0  ( 2 ) 0 . 0 0 5  ( 2) 0 . 0 0 9  ( 2 )
C3 7 0 . 0 4 3 2 ) 0 . 0 5 7  ( 2 ) 0 . 0 4 4  ( 2) 0 . 0 0 1  ( 2 ) 0 . 0 0 8  ( 2 ) 0 . 0 0 2  ( 2 )
Table 16 Bond lengths (A) for PhB(Ph3SiO)2 compound 16
S i l - 0 1 1 . 6 3 7 3) S i l - C l 1 . 8 8 5  (
S i l - C l 1 . 8 7 7 3) S i l - C 1 3 1 . 8 7 7  (
S i 2 - 0 2 1 . 6 4 7 3) S i 2 - C 2 5 1 . 8 7 4  (
S i 2 - C 3 1 1 . 8 7 4 2 ) S i 2 - C 3 7 1 . 8 7 6  (
0 1 - B 1 1 . 3 6 0 5 ) 0 2 - B 1 1 . 3 6 1  (
B1 - C 1 9 1 . 5 7 7 5 ) C2 - C 3 1 . 3 9 5 (
C2 - C l 1 . 3 9 5 1 ) C3 - C4 1 . 3 9 5  (
C4 - C 5 1 . 3 9 5 1 ) C5 - C 6 1 . 3 9 5  (
C 6 - C l 1 . 3 9 5 1 ) C 8 - C 9 1 . 3 9 5  (
C 8 - C l 1 . 3 9 5 1 ) C9 - CI O 1 . 3 9 5  (
CI O - C l l 1 . 3 9 5 1 ) C l l - C 1 2 ' 1 . 3 9 5 (
C 1 2 - C l 1 . 3 9 5 1 ) C1 4 - C 1 5 1 . 3 9 5 (
C1 4 - C 1 3 1 . 3 9 5 1 ) C1 5 - C l  6 1 . 3 9 5  (
C 1 6 - C 1 7 1 . 3 9 5 1 ) C1 7 - C 1 8 1 . 3 9 5 (
C l  8 - C 1 3 1 . 3 9 5 1 ) C 2 0 - C 2 1 1 . 3 9 5  (
C2 0 - C l  9 1 . 3 9 5 1 ) C2 1 - C 2 2 1 . 3 9 5  (
C 2 2 - C 2 3 1 . 3 9 5 1 ) C 2 3 - C 2 4 1 . 3 9 5 (
C2 4 - C l  9 1 . 3 9 5 1 ) C 2 6 - C 2 7 1 . 3 9 5  (
C 2 6 - C 2 5 1 . 3 9 5 1 ) C2 7 - C 2 8 1 . 3 9 5  (
C 2 8 - C 2  9 1 . 3 9 5 1 ) C 2 9 - C 3 0 1 . 3 9 5 (
C 3 0 - C 2 5 1 . 3 9 5 1 ) C3 2 - C 3 3 1 . 3 9 5  (
C 3 2 - C 3 1 1 . 3 9 5 1 ) C 3 3 - C 3 4 1 . 3 9 5  (
C3 4 - C 3 5 1 . 3 9 5 1 ) C 3 5 - C 3 6 1 . 3 9 5  (
C3 6 - C 3 1 1 . 3 9 5 1 ) C3 8 - C 3 9 1 . 3 9 5  (
C3 8 - C 3 7 1 . 3 9 5 1 ) C3 9 - C 4 0 1 . 3 3 5  (
C 4 0 - C 4 1 1 . 3 9 5 1 ) C4 1 - C 4 2 1 . 3 3 5  (


















































Bond angles (°) for PhB(Ph3SiO )2 com pound 16
- 0 1 1 0 7 . 8 1 ) C7 - S i l - 0 1 1 0 9 6 (
- C l 1 0 7 . 9 1 ) C1 3 - S i l - 0 1 1 0 8 . 5  (
- C l 1 0 9 . 5 1 ) C1 3 - S i l - C l 1 1 3 . 5  (
- 0 2 1 0 8 . 6 1 ) C3 1 - S i 2 - 0 2 1 0 6 9 (
- C 2 5 1 0 9 . 4 1 ) C3 7 - S i 2 - 0 2 1 1 0 7 (
- C 2 5 1 1 0 . 5 1 ) C3 7 - S i 2 - C 3 1 1 1 0 . 7  (
- S i l 1 5 3 . 1 3) B1 - 0 2 - S i 2 1 3 6 . 9  (
- 0 1 1 1 8 . 0 3) C1 9 - B 1 - 0 1 1 2 3 . 9  (
- 0 2 1 1 8 . 1 3) C l - C 2 - C 3 1 2 0 . 0  (
- C 2 1 2 0 . 0 1 ) C5 - C 4  . ' - C3 1 2 0 0 (
- C 4 1 2 0 . 0 1 ) C l - C 6 - C 5 1 2 0 0 (
- S i l 1 1 9 . 4 1 ) C 6 - C l - S i l . 1 2 0 , 5 (
- C 2 1 2 0 0 1 ) C l - C 8 - C 9 1 2 0 , 0 (
- C 8 1 2 0 0 1 ) C l l - C I O - C 9 1 2 0 0 (
- C I O 1 2 0 0 1 ) C l - C 1 2 - C l l 1 2 0 , 0 (
- S i l 1 1 8 2 1 ) C1 2 - C l - S i l 1 2 1 7 (
- C 8 1 2 0 0 1 ) C l  3 - C 1 4 - C l  5 1 2 0 0 (
- C 1 4 1 2 0 0 1 ) C17 - C l  6 - C l  5 1 2 0 0 (
- C l  6 1 2 0 . 0 1 ) C1 3 - C 1 8 - C l  7 1 2 0 0 (
- S i l 1 2 1 0 1 ) C1 8 - C 1 3 - S i l 1 1 9 0 (
- C l  4 1 2 0 0 1 ) C l  9 - C 2 0 - C 2 1 1 2 0 0 (
- C 2 0 1 2 0 0 1 ) C2 3 - C 2 2 - C 2 1 1 2 0 0 (
- C 2 2 1 2 0 0 1 ) C l  9 - C 2 4 - C 2 3 1 2 0 0 (
- B 1 1 2 1 6 2 ) C24 - C l  9 - B 1 1 1 8 3 (
- C 2 0 1 2 0 0 1 ) C2 5 - C 2 6 - C 2 7 1 2 0 . 0 (
- C 2 6 1 2 0 0 1 ) C2 9 - C 2 8 - C 2 7 1 2 0 0 (
- C 2 8 1 2 0 0 1 ) C2 5 - C 3 0 - C 2 9 1 2 0 0 (
- S i 2 1 1 8 2 1 ) C3 0 - C 2 5 - S i 2 1 2 1 8 (
- C 2 6 1 2 0 0 1 ) C31 - C 3 2 - C 3 3 1 2 0 0 (
- C 3 2 1 2 0 0 1 ) C3 5 - C 3 4 - C 3 3 1 2 0 0 (
- C 3 4 1 2 0 0 1 ) C31 - C 3 6 - C 3 5 1 2 0 0 (
T ab le  17 continued...
C 3 2 - C 3 1 - S i 2 1 2 1 . 4  ( 1 )
C 3 6 - C 3 1 - C 3 2 1 2 0 . 0  ( 1 )
C4 0 - C 3 9 - C 3 8 1 2 0 . 0  ( 1 )
C 4 2 - C 4 1 - C 4  0 1 2 0 . 0  ( 1 )
C3 8 - C 3 7 - S i 2 1 2 1 . 1  ( 1 )
C 4 2 - C 3 7 - C 3 8 1 2 0 . 0  ( 1 )
C3 6  - C 3 1  - S i 2  1 1 8 . 6 ( 1
C3 7  - C 3 8  - C 3 9  1 2 0 . 0 ( 1
C4 1  - C 4 0  - C 3 9  1 2 0 . 0 ( 1
C3 7  - C 4 2  - C 4 1  1 2 0 . 0 ( 1
C4 2  - C 3 7  - S i 2  1 1 8 . 8 ( 1
Table 18 Interm olecular distances (A) for PhB(Ph3SiO)2 compound 16




C5 . . . H2 8 2 . 8 8 2 1 . 0 0 . 0 1 . 0
C l . . . H1 5 2 . 9 8 - 1 1 . 0 0 . 0 1 . 0
C9 . . . H2 7 2 . 8 9 - 2 0 . 0 1 . 0 1 . 0
H8 . . . C 1 5 2 . 6 6 - 1 1 . 0 0 . 0 1 . 0
H8 . . . C l  6 2 . 7 8 - 1 1 . 0 0 . 0 1 . 0
HI  0 . . . C4 0 2 . 9 4 - 2 0 . 0 0 . 0 1 . 0
HI  0 . . . C 4 1 2 . 8 7 - 2 0 . 0 0 . 0 1 . 0
C2 1 . . . H3 6 2 . 8 2 - 2 0 . 0 1 . 0 1 . 0
C2 2 . . . H3 6 2 . 8 6 - 2 0 . 0 1 . 0 1 . 0
C2 3 . . . H 4 1 2 . 8 8 1 0 . 0 - 1 . 0 0 . 0
C24 . . . H 4 1 2 . 9 2 1 0 . 0 - 1 . 0 0 . 0
H21 . . . C2 9 2 . 8 9 - 2 0 . 0 1 . 0 1 . 0
H2 1 . . . C3 0 2 .  97 - 2 0 . 0 1 . 0 1 . 0
H2 3 . . . C3 2 2 . 9 7 2 2 . 0 - 1 . 0 1 . 0
H2 3 . . . C 3 3 2 . 8 6 2 2 . 0 - 1 . 0 1 . 0
H2 3 . . . C3 4 2 . 9 8 2 2 . 0 - 1 . 0 1 . 0
C3 2 . . . H4 0 2 . 6 9 1 0 . 0 - 1 . 0 0 . 0
C3 3 . . . H40 2 . 9 5 1 0 . 0 - 1 . 0 0 . 0
H3 3 . . . C4 2 2 . 8 8 2 2 . 0 - 1 . 0 1 . 0
Table 19 Intram olecular distances (A) for PhB(Ph3SiO)2 compound 16
S i l . . . B1 2 . 9 1 S i l . . . C2 2 .
S i l . . . C 6 2 . 8 6 S i l . . . H2 2 .
S i l . . . H6 2 . 9 7 S i l . . . C8 2 .
S i l . . . C1 2 2 . 8 7 S i l . . . H 8 2 .
S i l . . . H1 2 3 . 0 0 S i l . . . C14 2 .
S i l . . . C1 8 2 . 8 3 S i l . . . H14 2 .
S i l . . . H1 8 2 . 9 3 S i l . . . H2 0 2 .
S i 2 . . . B1 2 . 8 0 S i 2 . .  . C2 6 2 .
S i 2 . . . C3 0 2 . 8 6 S i 2 . . . H2  6 2 .
S i 2 . . . H3 0 2 . 9 9 S i 2 . . . C3 2 2 .
S i 2 . . . C 3 6 2 . 8 2 S i 2 . . . H32 2 .
S i 2 . . . H3 6 2 . 9 2 S i 2 . . . C3 8 2 .
S i 2 . . . C4 2 2 . 8 3 S i 2 . . . H38 2 .
S i 2 . . . H4 2 2 . 9 3 0 1 . . . 0 2 2 .
0 1 . . . C l 2 . 8 5 0 1 . . . C7 2 .
0 1 . . . H1 2 2 . 7 3 0 1 . . . C1 3 2 .
0 1 . . . H1 8 2 . 9 0 0 1 . . . C l  9 2 .
0 1 . . . H2 0 2 . 7 7 0 1 . . . H42 2 .
0 2 . . . C2 4 2 . 8 9 0 2 . . . C l  9 2 .
0 2 . . . H24 2 . 5 2 0 2 . . . C2 5 2 .
0 2 . . . C3 1 2 . 8 3 0 2 . . . H32 2 .
0 2 . . . C3 7 2 . 9 0 B1 . . . H1 2 2 .
B1 . . . C2 0 2 . 6 0 B1 . . . C2 4 2 .
B1 . . . H2 0 2 . 7 9 B1 . . . H2 4 2 .
C2 . . . C4 2 . 4 2 C2 . . . C5 2 .
C2 . . . C 6 2 . 4 2 C2 . . . H3 2 .
C2 . . . H4 2 2 . 7 6 C3 . . . C5 2 .
C3 . . . C 6 2 . 7 9 C3 . . . C l 2 .






























T a b l e 19 cont i nued. . .
C4 . . C 6 2 . 4 2
C4 . . H3 2 . 1 5
C5 . . . C l 2 . 4 2
C5 . . . H6 2 . 1 5
C l  . . . H2 2 . 1 5
C l  . . . H4 2 2 . 8 9
H6 . . C1 8 2 . 7 0
C 8 . . . CI O 2 . 4 2
C 8 . . . C 1 2 2 . 4 2
C 8 . . H14 2 . 7 7
C9 . . . C1 2 2 . 7 9
C9 . . . H8 2 . 1 5
CI O . . . C1 2 2 . 4 2
CI O . . . H9 2 . 1 5
C l l  . . . C l 2 . 4 2
C l l  . . . H1 2 2 . 1 5
C l  . . . H8 2 . 1 5
C l  . . . H14 2 . 9 0
C1 4  . . . C l  6 2 . 4 2
C 1 4  . . . C1 8 2 . 4 2
C 1 4  . . . H2 0 2 .  9 7
C 1 5  . . . C1 8 2 . 7 9
C 1 5  . . . H14 2 . 1 5
C l  6 . . . C1 8 2 . 4 2
C l  6 . . . H1 5 2 . 1 5
C 1 7  . . . C1 3 2 . 4 2
C 1 7  . . . H18 2 . 1 5
C 1 3  . . . H14 2 . 1 5
C 1 3  . . . H 2 0 2 . 5 9
C 2 0  . . . C2 3 2 . 7 9
C 2 0  . . . H 2 1 2 . 1 5
C4 . . . C l 2 . 7 9
C4 . . . H5 2 . 1 5
C5 . . . H4 2 . 1 5
C 6 . . . H5 2 . 1 5
C l . . . H6 2 . 1 5
H2 . . . C l 2 . 8 0
H6 . . . C1 3 2 . 8 7
C8 . . . C l l 2 . 7 9
C8 . . . H9 2 . 1 5
C9 . . . C l l 2 . 4 2
C9 . . . C7 2 . 4 2
C9 . . . H I 0 2 . 1 5
CIO . . . C l 2 . 7 9
CIO . . . H I 1 2 . 1 5
C l l . . . H I 0 2 . 1 5
C1 2 . . . H I 1 2 . 1 5
C l . . . H12 2 . 1 5
H1 2 . . . C1 9 2 . 9 8
C l  4 . . . C17 2 . 7 9
C1 4 . . . H15 2 . 1 5
C1 5 . . . C l 7 2 . 4 2
C1 5 . . . C1 3 2 . 4 2
C 1 5 . . . HI  6 2 . 1 5
C l  6 . . . C1 3 2 . 7 9
C l  6 . . . H17 2 . 1 5
C1 7 . . . HI  6 2 . 1 5
C1 8 . . . H17 2 . 1 5
C 1 3 . . . H I 8 2 . 1 5
C2 0 . . . C2 2 2 . 4 2
C2 0 . . . C2 4 2 . 4 2
C2 1 . . . C2 3 2 . 4 2
Table 19 continued...
C2 1 . . . C 2 4 2 . 7 9 C2 1 . . . C l  9 2 .
C2 1 . . . H2 0 2 . 1 5 C2 1 . . . H2 2 2 .
C2 2 . . . C 2 4 2 . 4 2 C2 2 . . . C l 9 2 .
C2 2 . . . H 2 1 2 . 1 5 C2 2 . . . H 2 3 2 .
C 2 3 . . . C 1 9 2 . 4 2 C 2 3 . . . H2 2 2 .
C2 3 . . . H2 4 2 . 1 5 C2 4 . . . H2 3 2 .
C l  9 . . . H2 0 2 . 1 5 C 1 9 . . . H24 2 .
C2 6 . . . C 2 8 2 . 4 2 C2 6 . . . C2 9 2 .
C2 6 . . . C 3 0 2 . 4 2 C 2 6 . . . H27 2 .
C27 . . . C 2 9 2 . 4 2 C2 7 . . . C3 0 2 .
C27 . . . C 2 5 2 . 4 2 C2 7 . . . H2 6 2 .
C2 7 . . . H2 8 2 . 1 5 C2 8 . . . C3 0 2 .
C2 8 . . . C 2 5 2 . 7 9 C2 8 . . . H27 2 .
C2 8 . . . H2  9 2 . 1 5 C2 9 . . . C 2 5 2 .
C2 9 . . . H2 8 2 . 1 5 C2 9 . . . H30 2 .
C3 0 . . . H2 9 2 . 1 5 C2 5 . . . H2  6 2 .
C2 5 . . . H3 0 2 . 1 5 C2 5 . . . H3 6 2 .
H30 . , . C 4 2 2 . 8 4 H30 . . . C3 7 2 .
C32 . . . C3 4 2 . 4 2 C3 2 . . . C3 5 2 .
C3 2 . . . C 3 6 2 . 4 2 C3 2 . . . H3 3 2 .
C3 3 . . . C 3 5 2 . 4 2 C3 3 . . . C 3 6 2 .
C3 3 . . . C3 1 2 . 4 2 C3 3 . . . H3 2 2 .
C3 3 . . . H3 4 2 . 1 5 C34 . . . C3 6 2 .
C34 . . . C 3 1 2 . 7 9 C3 4 . . . H3 3 2 .
C34 . . . H3 5 2 . 1 5 C3 5 . . . C3 1 2 .
C3 5 . . . H3 4 2 . 1 5 C 3 5 . . . H3 6 2 .
C3 6 . . . H3 5 2 . 1 5 C 3 6 . . . H3 8 2 .
C3 1 . . . H3 2 2 . 1 5 C3 1 . . . H3 6 2 .
C31 . . . H3 8 2 . 8 1 C3 8 . . . C 4 0 2 .
C38 . . . C41 2. 79 C38 . . . C42 2.
C38 . . . H3 9 2 . 1 5 C3 9 . . . C 4 1 2 .

































T a b le  19 c o n tin u e d ...
C 3 9 . . . H3 8 2 . 1 5 C3 9 . . . H4 0 2 . 1 5
C4 0 . . . C 4 2 2 . 4 2 C 4 0 . . . C37 2 . 7 9
C4 0 . . . H3 9 2 . 1 5 C4 0 . . . H 4 1 2 . 1 5
C4 1 . . . C 3 7 2 . 4 2 C4 1 . . . H4 0 2 . 1 5
C4 1 . . . H4 2 2 . 1 5 C4 2 . . . H41 2 . 1 5
C3 7 . . . H3 8 2 . 1 5 C3 7 . . . H42 2 . 1 5
X-ray crystallography supplementary tables for 
2,2-dimethvl-4,6-diphenvl-1,3,5-triaza-2-sila-4,6-diboracyclohexane, compound 19
oT a b le  20  F ra c tio n a l  a to m ic  c o o rd in a te s  a n d  th e r m a l  p a r a m e te r s  (A) fo r
M e 2S i(P h B N H )2N H  c o m p o u n d  19
A t o m X y z U i s o  o r  U e q  ^* * *
S i l 0 . 1 3 1 1 3  ( 9 ) 0 . 6 8 8 1 8  ( 6 ) 0 . 4 8 0 4 3  ( 1 0 ) 0 .  0 6 8 4  ( 7) *  * *
N1 0 . 2 9 6 5  ( 2 ) 0 . 7 2 0 3  ( 2 ) 0 . 5 2 1 0  ( 3 ) 0 . 0 6 7  ( 2) •k k *
N2 0 . 2 4 4 1  ( 2 ) 0 . 8 7 2 3  ( 2 ) 0 . 4 0 9 9 ( 2 ) 0 . 0 6 2  ( 2 ) k k k
N3 0 . 0 4 3 1  ( 3 ) 0 . 7 8 8 5  ( 2 ) 0 . 4 0 0 7  ( 3 ) 0 . 0 6 8  ( 2 ) k k k
B1 0 . 3 4 3 2  ( 4) 0 . 8 0 2 7  ( 2 ) 0 . 4 8 0 9  ( 3) 0 . 0 5 7  ( 2) k k k
B2 0 . 1 0 1 1  ( 4 ) 0 . 8 6 9 5  ( 2 ) 0 . 3 7 1 7  ( 3 ) 0 . 0 5 7  ( 2 ) k  k  k
C l 0 . 0 8 6 6  ( 4 ) 0 . 5 8 1 6  ( 3 ) 0 . 3 7 7 8  ( 4 ) 0 . 1 0 1  ( 3 ) k k k
C2 0 .  0 9 6 4  ( 4) 0 . 6 6 3 4  ( 3 ) 0 . 6 1 8 2 ( 4 ) 0 . 1 0 2  ( 3 ) k k k
C3 0 . 4 9 6 7  ( 3) 0 . 8 1 7 8  ( 2 ) 0 . 5 0 9 5  ( 3) 0 . 0 5 6  ( 2 ) k k k
C4 0 . 5 3 4 7  ( 3 ) 0 . 8 7 9 8  ( 2 ) 0 . 4 3 8 2  ( 3 ) 0 . 0 7 2  ( 2 ) k k k
C5 ' 0 . 6 7 0 7  ( 4 ) 0 . 8 9 2 2  ( 2 ) 0 . 4 6 1 5  (4) 0 . 0 8 1  ( 2 ) k k k
C 6 0 . 7 6 9 9  ( 4 ) 0 . 8 4 3 8  ( 3 ) 0 . 5 5 7 7  ( 4) 0 . 0 7 9  ( 2 ) k k k
C7 0 . 7 3 5 8  ( 3) 0 . 7 8 1 7 ( 3 ) 0 . 6 3 1 7  ( 3 ) 0 . 0 7 6 ( 2 ) k k k
C 8 0 . 6 0 1 1  ( 3) 0 . 7 6 9 7  ( 2 ) 0 . 6 0 6 7  ( 3 ) 0 . 0 6 8  ( 2 ) k k k
C9 0 . 0 0 9 8  ( 3) 0 . 9 5 4 7  ( 2 ) 0 . 2 9 3 3  (3) 0 . 0 5 5  ( 2 ) k k k
CIO - 0 . 0 9 1 4  ( 3) 0 . 9 9 2 9  ( 2 ) 0 . 3 2 1 5  (3) 0 . 0 7 1  ( 2 ) k k k
Cll - 0 . 1 6 8 8  ( 4 ) 1 . 0 7 0 6  ( 3 ) 0 . 2 5 6 6 ( 4 ) 0 . 0 9 1  ( 3 ) k k k
C1 2 - 0 . 1 4 6 1  ( 5 ) 1 . 1 0 9 5  ( 3 ) 0 . 1 5 9 5 ( 4 ) 0 .  0 8 9  ( 3) k k k
C 1 3 - 0 . 0 4 5 6  ( 5 ) 1 . 0 7 3 5  ( 3 ) 0 . 1 2 9 1  ( 3 ) . 0 . 0 9 5  ( 3 ) k k k
C1 4 0 . 0 3 1 4  ( 4 ) 0 . 9 9 7 9  ( 2 ) 0 . 1 9 6 6 ( 3 ) 0 . 0 7 9  ( 2 ) k k k
HI 0 . 3 6 8 3  ( 3 1 ) 0 . 6 7 8 0  ( 2 5 ) 0 . 5 7 5 5 ( 3 3 ) 0 . 1 1 9 ( 3 )
H2 0 . 2 7 7 4  ( 3 7 ) 0 . 9 3 0 0 ( 1 9 ) 0 . 3 8 8 7  ( 3 4 ) 0 . 1 1 9 ( 3 )
H3 - 0 . 0 5 5 4  ( 1 9 ) 0 . 7 8 8 1  ( 2 9 ) 0 . 3 6 7 0  ( 3 6 ) 0 . 1 1 9 ( 3 )
Table 21 Fractional atomic coordinates for the hydrogen atoms for
Me2Si(PhBNH)2NH com pound 19
A t o m X y z
H l l - 0 . 0 1 7 5 0 . 5 6 2 5 0 . 3 5 2 7
H1 2 0 . 1 5 1 5 0 . 5 2 3 1 0 . 4 2 6 8
HI 3 0 . 0 9 9 8 0 . 5 9 7 4 0 . 2 9 3 6
H2 1 0 . 1 5 2 1 0 . 6 0 1 0 0 . 6 6 6 0
H2 2 - 0 . 0 1 0 5 0 . 6 5 1 3 0 . 5 8 8 5
H2 3 0 . 1 2 7 9 0 . 7 2 3 5 0 . 6 8 1 3
H4 1 0 . 4 5 7 5 0 . 9 1 8 6 0 . 3 6 2 4
H51 0 . 6 9 7 6 0 . 9 4 0 1 0 . 4 0 3 9
H61 • 0 . 8 7 4 5 0 . 8 5 3 7 0 . 5 7 5 3
H71 0 . 8 1 4 1 0 . 7 4 3 9 0 . 7 0 7 8
H81 0 . 5 7 5 3 0 . 7 2 1 6 0 . 6 6 4 8
H1 0 1 - 0 . 1 1 1 8 0 . 9 6 0 6 0 . 3 9 5 2
H i l l - 0 . 2 4 3 8 1 . 1 0 1 1 0 . 2 8 3 1
H1 2 1 - 0 . 2 0 9 1 1 . 1 6 7 0 0 . 1 0 4 7
H1 3 1 - 0 . 0 2 5 6 1 . 1 0 5 9 0 . 0 5 5 2
H1 4 1 0 . 1 0 9 9 0 . 9 7 0 3 0 . 1 7 2 7
Table 22 Anisotropic therm al param eters (A) for Me2Si(PhBNH)2NH
compound 19
A t o m U l l U2 2 U 3 3 U2 3 U1 3 U1 2
S i l 0 . 0 5 9 1 ) 0 . 0 5 1  ( 1 ) 0 . 0 9 5 1 ) 0 . 0 1 6  ( 1 ) 0 . 0 3 4  (1) - 0 . 0 0 6 ( 1 )
N1 0 . 0 5 4 2 ) 0 . 0 5 7  ( 2 ) 0 . 0 9 2 2 ) 0 . 0 2 0  ( 1 ) 0 . 0 3 1  ( 1) - 0 . 0 0 1  ( 1 )
N2 0 . 0 5 7 2 ) 0 . 0 5 0  ( 1 ) 0 . 0 8 0 2 ) 0 . 0 0 9  ( 1) 0 . 0 3 3  (1) - 0 . 0 0 8  ( 1 )
N3 0 . 0 5 6 2 ) 0 . 0 5 6 ( 2 ) 0 . 0 9 1 2 ) 0 . 0 1 6  ( 1 ) 0 . 0 3 0  (1) - 0 . 0 0 6  ( 1 )
B1 0 .  0 6 3 2 ) 0 . 0 4 8  ( 2 ) 0 . 0 5 9 2 ) - 0 . 0 0 2  (2 ) 0 . 0 2 9  (2) - 0 . 0 0 4  ( 2)
B2 0 . 0 6 0 2 ) 0 . 0 5 0  ( 2 ) 0 . 0 6 0 2 ) - 0 . 0 0 1  ( 2 ) 0 . 0 2 7  (2) - 0 . 0 0 8  ( 2 )
C l 0 . 0 9 9 3) 0 . 0 6 2  ( 2 ) 0 . 1 4 1 4) - 0 . 0 0 2  ( 2 ) 0 . 0 3 6  (3) - 0 . 0 1 8  ( 2 )
C2 0 . 0 9 2 3) 0 . 0 8 6  ( 3 ) 0 . 1 2 6 3) 0 . 0 4 3  ( 2 ) 0 . 0 6 3  (3) 0 . 0 1 0  ( 2 )
C3 0 . 0 5 8 2 ) 0 . 0 4 8  ( 2 ) 0 . 0 6 2 2 ) - 0 . 0 0 5  ( 1 ) 0 . 0 3 3  (2) - 0 . 0 1 1  ( 1 )
C4 0 . 0 6 7 2 ) 0 . 0 6 7  ( 2 ) 0 . 0 8 3 2 ) 0 . 0 0 7  ( 2) 0 . 0 4 1  (2) - 0 . 0 0 8  ( 2 )
C5 0 . 0 6 5 2 ) 0 . 0 7 8  ( 2 ) 0 . 0 9 8 2 ) 0 . 0 0 2  ( 2 ) 0 . 0 4 6  (2) - 0 . 0 1 5 ( 2 )
C 6 0 . 0 5 7 2 ) 0 . 0 8 2  ( 2 ) 0 . 0 9 7 3) - 0 . 0 2 6 ( 2 ) 0 . 0 4 0  (2) - 0 . 0 2 2  ( 2 )
C l 0 . 0 5 2 2 ) 0 . 0 9 2  ( 3 ) 0 . 0 8 4 2 ) 0 . 0 0 2  ( 2 ) 0 . 0 2 0  ( 2 ) - 0 . 0 0 6 ( 2 )
C8 0 . 0 6 1 2 ) 0 . 0 7 3  ( 2 ) 0 . 0 6 9 2 ) 0 . 0 0 5  ( 2 ) 0 . 0 2 7  (2) - 0 . 0 0 6 ( 2 )
C9 0 . 0 5 3 2 ) 0 . 0 5 2  ( 2 ) 0 . 0 6 1 2 ) 0 . 0 0 5  ( 1 ) 0 . 0 1 6 ( 2 ) - 0 . 0 1 1  ( 1 )
CIO 0 . 0 4 8 2 ) 0 . 0 7 0  ( 2 ) 0 . 0 9 5 2 ) 0 . 0 2 4  ( 2 ) 0 . 0 2 2  ( 2 ) 0 . 0 0 0  ( 2 )
C l l 0 . 0 6 6 3) 0 . 0 8 2  ( 3 ) 0 . 1 2 4 3) 0 . 0 1 6 ( 3 ) 0 . 0 2 2  ( 2 ) 0 . 0 0 1  ( 2 )
C1 2 0 . 0 9 8 3) 0 . 0 7 0  ( 2 ) 0 . 0 9 8 3) 0 . 0 2 2  ( 2 ) 0 . 0 0 1  (3) 0 . 0 0 8  ( 2 )
C1 3 0 . 1 4 4 4) 0 . 0 6 8 ( 3 ) 0 . 0 7 3 2 ) 0 . 0 2 2  ( 2 ) 0 . 0 3 1  (3) 0 . 0 0 2  (3]
C1 4 0 . 1 1 2 3) 0 . 0 6 1  ( 2 ) 0 . 0 6 5 2 ) 0 . 0 0 5 ( 2 ) 0 . 0 3 9  (2) - 0 . 0 0 3  (2;
Table 23 Bond lengths (A) for Me2Si(PhBNH)2NH compound 19
S i l - N 1 1 . 7 2 0  ( 3 )
S i l - C l 1 . 8 5 5  ( 4 )
N1 - B 1 1 . 4 2 5  ( 4 )
N2 - B 1 1 . 4 3 5  ( 4 )
N2 - H2 0 . 9 6 5 ( 1 8 )
N3 - H3 0 . 9 7 7  ( 1 8 )
B2 - C 9 1 . 5 8 2  ( 5 )
C3 - C 8 1 . 3 9 9 ( 4 )
C5 - C 6 1 . 3 7 1  ( 5 )
C l - C 8 1 . 3 8 2  ( 5 )
C9 - C 1 4 1 . 3 9 2  ( 4 )
C l l - C 1 2 1 . 3 7 8  ( 6 )
C l  3 - C 1 4 1 . 3 7 9 ( 5 )
S i l - N 3 1 . 7 4 1  ( 3 )
S i l - C 2 1 . 8 4 4  ( 4 )
N1 - H I 0 . 9 7 6 ( 1 8 )
N2 - B 2 1 . 4 3 0  ( 4 )
N3 - B 2 1 . 4 1 2  ( 4 )
B1 - C 3 1 . 5 7 6  ( 5 )
C3 - C4 1 . 3 8 9 ( 4 )
C4 - C 5 1 . 4 0 2  ( 5 )
C 6 - C l 1 . 3 8 8  ( 5 )
C9 - CI O 1 . 3 8 8  ( 4 )
CIO - C l l 1 . 3 9 5 ( 5 )
C1 2 - C 1 3 1 . 3 8 5 ( 6 )
Table 24 Bond angles (°) for Me2Si(PhBNH)2NH com pound 19
N3 - S i l - N 1 1 0 2 . 2  ( 1 )
C l - S i l - N 3 1 1 1 . 8  ( 2 )
C2 - S i l - N 3 1 1 0 . 7  ( 2 )
B1 - N 1 - S i l 1 2 7 . 0  ( 2 )
HI - N 1 - B 1 1 1 4  ( 2)
H2 - N 2 - B 1 1 1 7  ( 2 )
B2 - N 3 - S i l 1 2 5 . 6  ( 2 )
H3 - N 3 - B 2 1 1 6  ( 2 )
C3 - B 1 - N 1 1 2 2 . 3  ( 3)
N3 - B 2 - N 2 1 1 9 . 1  ( 3 )
C9 - B 2 - N 3 1 2 1 .  0 ( 3 )
C 8 - C 3 - B 1 1 2 2 . 4  ( 3 )
C5 - C 4 - C 3 1 2 1 . 4  ( 3)
C l - C 6 - C 5 1 2 0 . 0  ( 3 )
C l - C 8 - C 3 1 2 2 . 8  ( 3 )
C1 4 - C 9 - B 2 1 2 1 . 6 ( 3 )
C l l - C I O - C 9 1 2 2 . 1  ( 3 )
C 1 3 - C 1 2 - C l l 1 2 0 . 4  ( 4 )
C 1 3 - C 1 4 - C 9 1 2 2 . 2  ( 4 )
C l - S i l - N 1 1 1 0 . 4  ( 2 )
C2 - S i l - N 1 1 1 2 . 8  ( 2 )
C2 - S i l - C l 1 0 8 . 8  ( 2 )
HI - N 1 - S i l 1 1 9  ( 2 )
B2 - N 2 - B 1 1 2 8 . 2  ( 2 )
H2 - N 2 - B 2 1 1 5  ( 2 )
H3 - N 3 - S i l 1 1 8  ( 2 )
N2 - B 1 - N 1 1 1 7 . 3  ( 3 )
C3 - B 1 - N 2 1 2 0 . 3  ( 3 )
C9 - B 2 - N 2 1 1 9 . 8  ( 3)
C4 - C 3 - B 1 1 2 1 . 1  ( 3)
C8 - C 3 - C 4 1 1 6 . 5 ( 3 )
C 6 - C 5 - C 4 1 2 0 . 1  ( 3)
C8 - C l - C 6 1 1 9 . 1  ( 3 )
CIO - C 9 - B 2 1 2 1 . 5  ( 3)
C14 - C 9 - CI O 1 1 6 . 8  ( 3 )
C1 2 - C l l - CI O 1 1 9 . 0  ( 4)
C1 4 - C 1 3 - C 1 2 1 1 9 . 4  ( 4 )
Table 25 Interm olecular distances (A) for M e2Si(PhBNH)2NH compound
19
N2 . . . H 8 1 2 . 9 9 - 2 1 . 0 2 . 0 1 . 0
N3 . . . H8 1 2 . 9 4 - 2 1 . 0 2 . 0 1 . 0
B2 . . . H 8 1 2 . 6 5 - 2 1 . 0 2 . 0 1 . 0
H1 3 . . . C 8 2 . 8 9 - 2 1 . 0 2 . 0 1 . 0
H21 . . . CI O 2 . 9 3 - 2 0 . 0 2 . 0 0 . 0
H2 3 . . . C l l 2 . 9 7 - 1 0 . 0 2 . 0 1 . 0
H2 3 . . . C 1 2 2 . 9 5 - 1 0 . 0 2 . 0 1 . 0
C5 . . . H 1 0 1 2 .  9 5 1 - 1 . 0 0 . 0 0 . 0
C5 . . . H2 2 . 9 7 - 1 1 . 0 2 . 0 1 . 0
H51 . . . CI O 2 . 9 4 1 - 1 . 0 0 . 0 0 . 0
C8 . . . H1 3 1 2 . 8 8 2 0 . 0 0 . 0 0 . 0
Table 26 Intram olecular distances (A) for Me2Si(PhBNH)2NH compound
19
S i l . . . B1 2 . 8 2 S i l . . . B 2 2 .
S i l . . . H I 1 2 . 4 4 S i l . . . H1 2 2 .
S i l . . . H1 3 2 . 4 3 S i l . . . H2 1 2 .
S i l . . . H2 2 2 . 4 3 S i l . . . H2 3 2 .
S i l . . . H I 2 . 3 5 S i l . . . H3 2 .
N1 . . . N2 2 . 4 4 N1 . . . N3 2 .
N1 . . . B 2 2 . 9 8 N1 . . . C l 2 .
N1 . . . C2 2 .  97 N1 . . . C3 2 .
N1 . . . H81 2 . 7 9 N2-  • . . . N3 2 .
N2 . . . C3 2 . 6 1 N2 . . . H 4 1 2 .
N2 . . . C9 2 . 6 1 N2 . . . HI 41 2 .
N3 . . . C l 2 . 9 8 N3 . . . C2 2 .
N3 . . . C9 2 . 6 1 N3 . . . H I 01 2 .
B1 . . . B 2 2 . 5 8 B1 . . . C4 2 .
B1 . . . H 4 1 2 . 7 6 B1 . . . C8 2 .
B1 . . . H 8 1 2 . 7 9 B1 . . . HI 2 .
B1 . . . H2 2 . 0 6 B2 . . . CI O 2 .
B2 . . . H1 0 1 2 . 7 7 B2 . . . C14 2 .
B2 . . . H 1 4 1 2 . 7 7 B2 . . . H2 2 .
B2 . . . H3 2 . 0 4 C3 . . . H 4 1 2 .
C3 . . . C5 2 . 4 3 C3 . . . C 6 2 .
C3 . . . C7 2 . 4 4 C3 . . . H8 1 2 .
C3 . . . HI 2 . 7 1 C3 . . . H2 2 .
C4 . . . H51 2 . 1 6 C4 . . . C 6 2 .
C4 . . . C7 2 . 7 7 C4 . . . C8 2 .
C4 . . . H2 2 . 7 1 H41 . . . C 5 2 .
H41 . . . H2 2 . 1 2 C5 . . . H61 2 .
C5 . . . C7 2 . 3 9 C5 . . . C8 2 .






























C 6 . O 00 2 . 3 9 H61  . . . C l 2 .
C l  . . . H8 1 2 . 1 2 H71 . . . C 8 2 .
C 8 . . . H I 2 . 7 3 H81  . . . HI 2 .
C9 . . . H1 0 1 2 . 1 3 C9 . . . C l l 2 .
C9 . . . C 1 2 2 . 8 0 C9 . . . C1 3 2 .
C9 . . . H I 4 1 2 . 1 3 C9 . . . H2 2 .
C9 . . . H3 2 . 7 0 CIO . . . H i l l 2 .
CIO . . . C1 2 2 . 3 9 CIO . . . C1 3 2 .
CIO . . . C1 4 2 . 3 7 CIO . . . H3 2 .
HI  0 1 . . . C l l 2 . 1 4 H 1 0 1 . . . H3 2 .
C l l  . . . H1 2 1 2 . 1 3 C l l  . . . C1 3 2 .
C l l  . . . C l  4 2 . 7 6 H i l l . . . C1 2 2 .
C1 2  . . . H 1 3 1 2 . 1 4 C1 2  . . . C1 4 2  .
H 1 2 1 . . . C1 3 2 . 1 4 C1 3  . . . H 1 4 1 2 .
H 1 3 1 . . . C1 4 2 . 1 4 C l  4 . . . H2 2  .
H 1 4 1 . . . H2 2 . 4 8
15
15
14
44
43
67
16
76
93
56
40
14
39
12
84
